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ABSTRACT 
The c a t a l y t i c p roper t i e s of Ru and Pe-Ru b imeta l l i c s 
s u p p o r t e d on Y - Z e o l i t e w e r e d e t e r m i n e d f o r t h e CO 
hydrogena t ion r e a c t i o n . The r e s u l t s , based on the react ion 
a t 523 K and an H2:CO r a t i o of 3 : 1 , r e v e a l e d t h a t t h e 
a d d i t i o n of Fe to Ru e f fec t ive ly reduces the number of both 
H? and CO a c t i v e s i t e s as d e t e r m i n e d by c h e m i s o r p t i o n 
e x p e r i m e n t s . Based on H2 c h e m i s o r p t i o n , t h e d i s p e r s i o n 
(number of a c t i v e s i t e s per t o t a l number of meta l atoms) 
decreased from 0.59 with no Fe present to 0.02 with 5.9% Fe. 
This phenomenon was subs tan t ia ted by the ESCA ana lys i s which 
indicated t o t a l l y reduced Ru metal p a r t i c l e s in both Ru and 
Fe-Ru b i m e t a l s , however iron oxides could not be reduced to 
t h e i r me ta l l i c s t a t e . 
The a d d i t i o n of Fe a l s o i n f l u e n c e s t h e p r o d u c t 
d i s t r i b u t i o n . An increase in Fe content reduces the amount 
of methane w h i l e i n c r e a s i n g t h e amount of long c h a i n 
h y d r o c a r b o n s . Furthermore the product d i s t r i b u t i o n follows 
the S c h u 1 t z - F l o r y d i s t r i b u t i o n . T h i s o b s e r v a t i o n i s 
p robab ly due t o s u r f a c e H2 d e f i c i e n c y encouraging chain 
p r o p a g a t i o n i n s t e a d of c h a i n t e r m i n a t i o n . The r a t e 
de t e rmin ing s t e p i s the hydrogenation of surface methylene 
s p e c i e s . 
The i n f r a r e d a n a l y s i s of CO a d s o r p t i o n on Ru 
c a t a l y s t a t 373 K i n d i c a t e s 3 t y p e s of adsorpt ion: bridge 
adsorpt ion a t 1950 cm~ , l i nea r adsorpt ion a t 2046 cm , and 
xvi 
mult ip le adsorption at 2089, 2102, 2137, and 2157 cm 
However under methanation reaction conditions at 523 K, i t 
was found that the surface of the catalyst was sa tura ted by 
l i n e a r l y adsorbed CO around 2000 cm" . The in f ra red 
experiments as well as the i so top ic d i l u t i on experiment 
point to surface segregat ion where Ru and Fe do not enter 
into a solid solut ion. F i n a l l y , the addi t ion of Fe to Ru 
c a t a l y s t s produces ne i the r a geometrical nor an e lec t r i ca l 
effect on Ru atoms. 
xvii 
I - INTRODUCTION 
The successful production of gaseous and l i q u i d 
hydrocarbons from coal requires an efficient and selective 
hydrogenation of carbon to the des i red hydrocarbons. The 
u sua l and most promising method i s the produc t ion of 
synthesis gas (H2/CO mixture) via the steam reforming of 
coal followed by the ca ta ly t ic reaction of th is mixture to 
give the desired p r o d u c t s . This l a s t s t e p r e q u i r e s a 
c a t a l y s t which is e f f e c t i v e , s e l e c t i v e , and r e s i s t a n t to 
sulfur poisoning. Several basic studies [11,12,17,22] have 
indicated that the Group VIII metals a l l act as synthesis 
gas hydrogenation c a t a l y s t s with Ru and Fe exhib i t ing the 
h i g h e s t a c t i v i t y . At a moderate p r e s s u r e , Ru and Fe 
c a t a l y s t s convert synthes is gas to most ly methane, but 
s i gn i f i can t q u a n t i t i e s of C2 to C5 hydrocarbons are also 
observed. 
In the manufacture of methane, a s y n t h e s i s gas 
mix ture c o n t a i n i n g H2 and CO with H2/CO r a t i o in the 
v i c i n i t y of 3/1 i s passed over a s e r i e s of r e a c t o r s 
maintained at moderate pressure and temperature to provide a 
product which i s e s s e n t i a l l y methane and a small amount of 
other hydrocarbons. I t is well known tha t the homogeneous 
r e a c t i o n of CO and H2 i s f ea s ib l e a t high temperature, 
however the reaction is slow, therefore a catalyst is needed 
to increase the r a t e . At the present t ime, the focus of 
th i s process has been concentrated on the improvement of 
1 
2 
the c a t a l y s t s ( both in s e l e c t i v i t y and a c t i v i t y ) and the 
p r o c e s s . A good c a t a l y s t i s one which can main ta in high 
a c t i v i t y o v e r long p e r i o d s of o p e r a t i o n , can r e s i s t 
p o i s o n i n g , and has h igh s e l e c t i v i t y toward long chain 
hydrocarbons. 
A . PREVIOUS WORK ON CATALYTIC METHANATION 
A grea t deal of research has been conducted on the 
c a t a l y t i c s y n t h e s i s of o r g a n i c m a t e r i a l s from CO and H2 
s ince i t was f i r s t reported by Saba t ie r [ 1 ] . At the turn of 
the century , Sabat ier produced methane from s y n t h e s i s gas 
u s ing a n i c k e l c a t a l y s t . The mechanism of hydrogenation of 
carbon monoxide to higher hydrocarbons has been the s u b j e c t 
of an e x t e n s i v e s t u d y for many y e a r s , led by the e a r l y 
s t ud i e s of Fischer and Tropsch [ 2 ] . The subsequent s t u d i e s 
have i d e n t i f i e d ac t ive c a t a l y s t s as the t r a n s i t i o n elements 
with unf i l l ed 3d, 4d and 5d o r b i t a l s : Fe, Co, Ni , Ru, Rh, 
Pd, Os, I r and P t , as well as some elements tha t can assume 
these configurat ions ( e . g . , Ag). 
Even though there have been numerous works done on 
t h i s s y n t h e s i s , r e s u l t s have not successfu l ly described a l l 
of the mechanisms of the hydrogenation of carbon monoxide. 
Th is i s a l s o t r u e for the s i m p l e s t hydrocarbon syn thes i s 
r eac t ion -methanation- which i s not comple te ly unde r s tood . 
There have been various k ine t i c models proposed to describe 
the methanation r e a c t i o n [ 3 - 8 ] , but none have been widely 
a c c e p t e d by t h e s c i e n t i f i c communi ty . T h e r e f o r e , a 
fundamental understanding of the s i m p l e s t r e a c t i o n should 
3 
h e l p us t o l e a r n more a b o u t t h e more complex hydrocarbon 
s y n t h e s i s . 
1. Chemistry and Thermodynamics 
When t h e h y d r o g e n t o c a r b o n m o n o x i d e r a t i o i n 
s y n t h e s i s g a s i s equa l t o or g r e a t e r than 3 , t he conve r s ion 
of CO and H2 t o m e t h a n e and h i g h e r m o l e c u l a r w e i g h t 
h y d r o c a r b o n s i s l i k e l y t o o c c u r . The methana t ion r e a c t i o n 
can be d e s c r i b e d a s : 
3H2 + CO > • CH4 + H20 ( 1 ) . 
Methane is also formed by hydrogenation of carbon oxides in 
two other reactions: 
2H2 + 2C0 ^ CH4 + C02 (2) 
4H2 + C02 | > CH4 + 2H20 ( 3 ) . 
A l s o , r e a c t i o n 2 can be c o n s i d e r e d t o be t h e combinat ion of 
r e a c t i o n 1 and t h e w a t e r - g a s s h i f t r e a c t i o n 4 . The re i s 
a l s o a n o t h e r r e a c t i o n , r e a c t i o n 5 , which i s t he d i s s o c i a t i o n 
of CO i n t o c a r b i d e , which can s i g n i f i c a n t l y a l t e r t h e n a t u r e 
of c a t a l y s t s . 
CO + H2o > C02 + H2 ( 4 ) . 
2C0 ^ C + C02 ( 5 ) . 
A l t h o u g h t h e w a t e r - g a s s h i f t r e a c t i o n d o e s n o t p r o d u c e 
m e t h a n e , i t i s an i m p o r t a n t r e a c t i o n i n m e t h a n a t i o n 
c h e m i s t r y , a l t e r i n g t h e H 2 /CO r a t i o w i t h f a r r e a c h i n g 
e f f e c t s on r e a c t i o n p r o d u c t s . 
The f r ee e n e r g i e s of a l l the above r e a c t i o n s have a 
l a r g e n e g a t i v e v a l u e s f o r a wide r a n g e of t e m p e r a t u r e s . 
4 
However, the reactions are relatively slow and hence, 
catalysts are needed to alter the rate of the reactions. It 
is observed that all the reactions are exothermic and, 
indeed, all except reaction 4, are highly exothermic. It 
should be noted that heats of reaction are not strongly 
influenced by temperature. In contrast, changes in free 
energy and equilibrium constants for methanation reactions 
are quite dependent on temperature. 
The thermodynamics of hydrogenation of CO have been 
extensively described in numbers of publications [9,10]. 
Briefly, the properties of these reactions can be summed up 
as follows: 
1. All the reactions forming hydrocarbons from H? 
and CO are exothermic; the free energy changes 
of the reactions increase and the equilibrium 
constants decrease with temperature; 
2. The formation of methane has the most negative 
free energy change per carbon atom; 
3. Below 623 K most of the reactions have 
equilibrium constants above unity, while above 
673 K, nearly all of the synthesis reactions 
become thermodynamically unfavorable, with the 
exception of methanation, for which the 
equilibrium constant exceeds one up to 923 K; 
4. Equilibrium methane yields are affected 
critically by temperature and by H?/C0 ratios. 
Methane production is highest at lower 
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temperatures and higher ratios; 
5. The hydrogenation of CO- to hydrocarbons is 
thermodynamically more favorable than the 
hydrogenation of CO; 
6. Reactions of CO and H2 with methane to form 
higher hydrocarbons are thermodynamically 
feasible; and, 
7. The formation of olefins is slightly less 
favored than that of paraffins. Reactions to 
cyclohexane and methylcyclohexane have 
equilibrium constants very near those for 
n-hexane and n-heptane respectively. 
2. Kinetics 
Even though t h e r e has been a tremendous amount of 
research done on t h e k i n e t i c s of the hydrogena t ion of CO 
s i n c e the t ime of i t s f i r s t observat ion , most of the works 
[ 6 , 1 1 - 1 4 ] w e r e p e r f o r m e d p r i o r t o t h e a d v e n t of 
s p e c t r o s c o p i c equipment and p a r t i c u l a r l y , the methods of 
determining the c h a r a c t e r i s t i c s of the c a t a l y s t s such as 
meta l d i s p e r s i o n and c r y s t a l l i t e s i z e . Most of the works 
were performed wi th a h igh c o n v e r s i o n ( u s i n g i n t e g r a l 
methods) which r e v e a l e d i n s i g n i f i c a n t k ine t i c information, 
because a t high conve r s ion t h e r e a re number of competing 
s e c o n d a r y r e a c t i o n s which a f f e c t t h e main r e a c t i o n . 
F ina l l y , without the c a t a l y t i c p r o p e r t i e s p r e s e n t e d , t h e s e 
works have no bas is for comparison. Some of the r e s u l t s 
of these experiments are summarized in Table 1-1. 
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Recent investigations [15-19] on the hydrogenation 
of CO have included chemisorption measurements which provide 
a measure of the reduced metal surface area. This technique 
provides an insight into the characteristics of the metal 
particle on the support such as the crystallite size and the 
dispersion of metal on the surface of the support. Thus for 
the first time "specific activities", rate per unit metal 
surface area which is typically determined by hydrogen 
chemisorption, have been calculated for these synthesis 
reactions. The results of selected works are presented in 
Table 1-2. All kinetic data were obtained from differential 
reactors which reveal promising kinetic information. The 
result from differential reactors represented the rate of 
reaction defined at very low conversion, therefore the 
turnover number for methane formation (molecules of CH. 
formed per surface metal site per second) was independent of 
space velocity. The other benefits of a differential 
reactors include the minimization of heat and mass transfer 
effects, the elimination of any significant effects due to 
product inhibition, and determination of the initial rate 
without the complication of secondary effects [17,20], 
Perhaps the most noticeable result is the consistency of the 
specific activity in the methanation reaction, expressed 
here as a turnover number. The data from various 
laboratories agree within a factor of approximately two when 
identical pressures and temperatures are compared. 
TABLE 1-1 
Kinetics of Synthesis Reaction over Various Metals 
H„ CO 
Catalyst Temperature Range. K Pressure Ranee, atm Proposed Rate Eg Ea Kj/mole 
Ru-metal 
Ru/Al20-
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Dalla Be t t a e t a l . [18] u t i l i z e d a d i f f e r e n t i a l 
ba tch r e a c t o r to study the i n i t i a l r a t e of CO hydrogenation 
a t 0.75 atm. I t was assumed tha t there was no loss of metal 
s i t e s under the c o n d i t i o n s of t h e r e a c t i o n , hence t h e 
hydrogen a d s o r p t i o n t echn ique was used in determining the 
d i s p e r s i o n and the p a r t i c l e s i z e . They found t h a t t h e 
i n i t i a l r e a c t i o n r a t e on an R u / A l 2 o 3 c a t a l y s t was 
independent of the Ru p a r t i c l e s i z e from l e s s than 10 t o 
90 A. In a s u b s e q u e n t s t u d y , Dal la Be t t a e t a l . [16] 
employed a s i n g l e p a s s f low r e a c t o r in a d d i t i o n t o a 
d i f f e r e n t i a l r e a c t o r . Both i n i t i a l and s t e a d y - s t a t e 
r e a c t i o n r a t e s of CO hydrogena t ion were o b t a i n e d for 2% 
Ni /Al 2 o 3 , 5% Ni/Zn02 , Raney Ni, and 1.5% Ru/Al~03 c a t a l y s t s . 
The i n i t i a l r a t e s a t 548 K are l i s t e d in Table 1-2. Steady-
s t a t e r e a c t i o n r a t e s were a l s o measured a t 673 K, and the 
Ru/Al2o3 c a t a l y s t s were found to be an o r d e r of magnitude 
l e s s a c t i v e than p r e d i c t e d by ex t rapo la t ion of the i n i t i a l 
r a t e da ta . The lower a c t i v i t i e s were a t t r i b u t e d t o carbon 
depos i t s on the surface of the c a t a l y s t . 
Vannice [ 1 5 , 1 7 , 8 , 2 0 , 2 1 ] has s t u d i e d various Group 
VII I meta l suppor ted c a t a l y s t s by u s i n g a d i f f e r e n t i a l 
r e a c t o r . In h i s f i r s t s t u d y [ 1 7 ] , he found t h a t the 
turnover number of the most a c t i v e me ta l (Ru) , i s only 2 
orders of magnitude la rger than the l e a s t ac t ive metal ( I r ) . 
Later on [22], with chemisorption information, he determined 
t h a t the o r d e r i n g of t he se metals according to the average 
molecular weight of t h e i r hydrocarbon p r o d u c t s g i v e s the 
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fo l lowing sequence: Ru>Fe>Co>Rh>Ni>Ir>Pt>Pd. The sequence 
i s d i f fe ren t when the metals are ranked accord ing t o t h e i r 
s p e c i f i c a c t i v i t i e s . The only o t h e r comparison of the 
c a t a l y t i c behav ior of t h e Group VII I me t a l s in a s i n g l e 
s tudy i s t h a t conducted by F i s c h e r and co-workers in 1925 
[22] . Expressing a c t i v i t y as the r a t e of methane production 
per gram of m e t a l , they ranked t h e s e u n s u p p o r t e d m e t a l 
c a t a l y s t s in o rde r of decreas ing a c t i v i t y as fol lows: Ru, 
I r , Rh, Ni , Co, Os, P t , Fe , Pd. These two r ank ings a re 
compared in Table 1-3. 
The d i f ferences in r e l a t i v e a c t i v i t y between Vannice 
[17] and F i s c h e r , e t a l . [ 2 2 ] , a re most l i ke ly due to the 
r a t e n o r m a l i z a t i o n of, t he number of a c t i v e s i t e s on the 
s u r f a c e . However, with supported meta l s , one must be aware 
of m e t a l p a r t i c l e s i z e e f f e c t s and m e t a l s u p p o r t 
i n t e rac t ions tha t may a l t e r the c a t a l y t i c behavior. Some of 
t h e s e s u p p o r t e d m e t a l s (Ru, Fe , CO, Ni) had a v e r a g e 
c r y s t a l l i t e s i ze s t ha t were qu i t e large (>100 A) and t h e i r 
c a t a l y t i c behav ior might be p a r a l l e l t o the unsuppor ted 
meta l . In c o n t r a s t , some of the m e t a l s (Rh, P t , I r , Pd) 
have high d i s p e r s i o n wi th very smal l s i z e (<100 A) . In 
these cases , the two poss ib le support i n t e r a c t i o n s mentioned 
above might cause the m e t a l s t o behave q u i t e d i f f e r e n t l y 
from the i r corresponding me ta l s . 
These r e s u l t s a r e g e n e r a l l y in good agreement with 
the recent works by Karn, e_t a l . [23] , Randhava and co-
workers [13] , McKee [11] and Shul tz , e t a l . [25] . Karn, e t 
Fischer, e_t al. [22] 




























Table 1-3. Group VIII Metal Activity at 543 K for the 
Methanation Reaction 
Vannnice Study [17] 
( ranked according 
turnover number 
Turnover Number x 10 
12 
al. [23] found that 0.5% Ru/Al203, yielded an apparent 
activation energy of 152.2 kj/mole for the methanation 
reaction. They also reported diffusion control at high 
conversions. McKee [11] examined the behavior of 
unsupported Ru in the CO-H2 reaction and found it to be more 
active than Rh, Ir, Pt or Pd. Similarly, Shultz, et al. 
[12], found the relative activities of Group VIII metals, 
"based on conversion, to decrease in the following order: 
Ru, Rh, Os, Pt, Pd. 
In another study by Vannice [15] , the behavior of Ni 
on a variety of supports was examined. A factor of 5 
existed between turnover numbers measured on different 
catalysts at 548 K, but no trend associated directly with 
support properties was apparent. Compared to Pt or Pd, Ni 
appears to be less sensitive to the support properties or to 
differences in metal particle size [15] . Vannice [20] found 
that a reduction in particle size enhanced the specific 
activity of Pt in the methanation reaction by two orders of 
magnitude. Pd particles showed an improvement in the rate 
when the dispersion was high. However, King [26], found 
that the specific activity for both CO conversion and CH. 
production with a supported Ru catalyst increases with 
increasing metal particle size. The same results may be 
obtained by either increasing the metal loading on a given 
support or by choosing a support which poorly disperses the 
metal. Furthermore, the supported catalysts with large 
particles are similar to unsupported Ru in activity, but not 
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in selectivity. Product selectivity is characterized by 
olefin/paraffin ratio, length of the hydrocarbon chain, and 
tendency to produce branched-chain hydrocarbons. This 
conclusion is in good agreement with the previous work of 
Dalla Betta, et al. [16] who found an increase in steady-
state activity with increasing particle size for Ru/A^Oo 
catalysts. Finally, Bell concluded that the degree of 
saturation of the products increases with increasing CO 
conversion. The length of the hydrocarbon chain is dependent 
upon temperature, pressure, and nature of the support , but 
not on the degree of CO conversion. Branch-chain 
hydrocarbons are produced utilizing acidic supports such as 
silica-alumina or zeolites, by subsequent isomerization of 
the initially formed straight-chain products. Bell also 
suggested that the support may alter the catalytic behavior 
of Ru through both electric and dispersion effects. 
Vannice [17] also points out a correlation between 
the CO heat of adsorption and the activity of the catalysts. 
He concluded that the most active metals are those with the 
weakest CO-metal adsorption bond (linear form) as opposed to 
the more strongly adsorbed CO (bridge form). 
These recent studies provide for the first time the 
turnover number which allows various laboratories to compare 
their results with a common basis. These results also give 
the specific activity data, as well as the measurement of 
the dispersion of metal on the catalyst. The latter value 
yields the basis for comparison of various catalyst 
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supports. The information on the s ta tes and c h a r a c t e r i s t i c 
p rope r t i e s of metal-loaded catalysts have greatly enhanced 
the understanding of the k ine t ics . 
3 . Mechanism 
The mechanism of the hydrogena t ion of ca rbon 
monoxide to higher hydrocarbons has been the subject of 
intensive study for many y e a r s . Unfortunately, there are 
very few works on the most simple react ion-methanat ion. 
Most of the research has been concentrated on the production 
of long-chain hydrocarbons under the c o n d i t i o n s of the 
Fischer-Tropsch r e a c t i o n . Here, in con t ras t to methane 
synthesis, the mechanism of chain growth is of importance. 
Desp i te t he se c o n s i d e r a t i o n s , the f a c t t h a t somewhat 
different catalysts and different reac t ions and condi t ions 
are used to optimize higher hydrocarbon formation, many 
considerations in Fischer-Tropsch synthes i s are believed 
applicable to the methanation synthesis . 
At t h i s t ime, there are bas i ca l ly two schools of 
thought about the possible mechanism of the hydrogenation of 
CO. One of the e a r l i e s t proposals for the hydrocarbon 
synthes is was the carbide theory proposed by Fischer and 
Tropsch [ 2 ] . The ca rb ide theory in i t s s i m p l e s t form 
p o s t u l a t e s t h a t adsorbed carbon monoxide i s reduced to 
surface metal carbide. The surface carbide was believed to 
be hydrogena ted and the adsorbed methylene r a d i c a l s 
p o l y m e r i z e i n t o a d s o r b e d o l e f i n i c and p a r a f f i n i c 
hydrocarbons. The other school of thought is led by Vannice 
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who postulates that the methanation reaction is a function 
of the concentration of weakly bound CO on the surface. The 
postulated reaction mechanism involves the formation of 
partially hydrogenated CO molecules. This oxygenated 
intermediate could yield methane via complete hydrogenation 
or higher molecular weight species could be produced via 
successive CO insertion followed by hydrogenation. 
The oxygenated postulate has been widely studied in 
the past two decades in an attempt to explain the formation 
of methanol or formaldehyde from the same catalysts used for 
methanation, but with different operating conditions. 
However, attempts to detect formaldehyde or methanol during 
the synthesis of methane on Ni catalysts were unsuccessful 
[16]. Moreover, when methanol was used as a starting 
material over a cobalt catalyst, it was shown that the yield 
of hydrocarbons was much less than if the reaction was 
started with CO and H2. There are a number of proposed 
mechanisms at the present time and a few selected mechanisms 
are presented in Figures 1-1 thru 1-7. Several workers have 
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concluded that the synthesis based on CO and H_ involves the 
production of an unstable intermediate complex containing C, 
H, and 0 atoms, which is the precursor to both hydrocarbons 
and alcohols. 
At present, two related mechanisms deserve special 
consideration. Both involve the initial formation of a HCOH 
surface complex, but they are different in sequential steps. 
One mechanism involves methylene radical intermediates and 
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[ ] + e + H2 > [H2]~ (1) 
[ ] + CO > [CO]+ + e (2) 
[CO]+ + [ H 2 ] ~ > [HCOH]
+ + e + [ ] (3) 
[HCOH]+ + [H2]" > [CH2] + H20 + [ ] (4) 
[CH2] + [H2]~ > CH4 + e + 2 [ ] , (5) 
Figure I-l. Mechanism Proposed by Vlasenko and Yuzefovich 
[28]. 
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Figure 1-2. Mechanism Proposed by Storch, Golumbic, and 
Anderson [10,29] . 
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->> C + H~0 
/ \ 
s s 
-^ CH4 + 2S 
Figure 1-3. Mechanism Proposed by Bousquet et al. 
[H2C°lADS + H 2 * A D S ^ C H 2 ADS + H2°ADS ( R D S ) 
Figure 1-4. Mechanism Proposed by Van Herwijnen et 
or 
H 2 S > 2 H' ADS 
H2 + 2S > 2H " A D S 
Figure 1-5. Mechanism Proposed by Schoubye [6]. 
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CO + s ^ -» S-CO (1) 
H2 + 2S ^ "•» 2S-H (2) 
S-H + S-CO ^ **» S-HCO + S (3) 
S-H + S-HCO >• S-H2CO + S (4) 
S-H + S-H2co ^ **» S-H3CO + S (5) 
S-H3co > products - (6) 
Figure 1-6. Mechanism Proposed by Fontaine [7] 
H2 + CO >
 H2C0ADS ( 1 ) 
H2C0ADS + y/ 2 H2ADS^ CHyADS + H2° ( R D S ) ( 2 ) 
CHyADS + H2ADS > CH4ADS <3) 
Figure 1-7. Mechanism Proposed by Vannice [8] 
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emphasizes e l ec t ron i c charge or p o l a r i z a t i o n f a c t o r s . 
Vlasenko [28] conc luded t h a t t h e most p r o b a b l e 
process for the methanation reac t ion on Ni, Co, and poss ibly 
Fe c a t a l y s t s a re s t e p s 1 t h r u 5 in F igure 1 -1 , wi th the 
t h i r d s t e p being the r a t e d e t e r m i n i n g s t e p (RDS). He 
assumed t h a t h i g h l y charged s u r f a c e s p e c i e s a re formed 
d u r i n g a d s o r p t i o n . For t h e s y n t h e s i s of h i g h e r 
h y d r o c a r b o n s , t h e f i f t h s t a g e of the scheme i s not t h e 
r e a c t i o n of methylene r a d i c a l s wi th hydrogen, but t h e i r 
p o l y m e r i z a t i o n . This r e s u l t i s fur ther supported by Eidus 
[34] who found CH_ r a d i c a l s p e c i e s formed from CO and H2 
over Co and Ni c a t a l y s t s . 
Storch, Golumbic, and Anderson [10,29] have proposed 
a d i f f e ren t mechanism for the Fischer-Tropsch reac t ion based 
on oxygenated i n t e r m e d i a t e s , as shown in Figure 1-2. They 
assumed t h a t : 
1) hydrogen i s adsorbed as atoms on the surface of 
metal ; 
2) chemisorption of CO occurs on metal atoms with 
bonding s imi la r to tha t in metal carbonyls ; 
3) adsorbed CO i s p a r t i a l l y hydrogenated according 
t o equation 1. 
While the ove ra l l scheme proposed d e s c r i b e s d e t a i l s 
of c h a i n g r o w t h n o t a p p l i c a b l e t o m e t h a n a t i o n , t h e 
i n i t i a t i o n and the r a t e determining s t e p s a r e impor tan t t o 
the methane s y n t h e s i s . For methanation, they proposed tha t 
t he r e a c t i o n chemis t ry may be modified according to 
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equation 7. The intermediate species (A) will form alcohol 
under certain circumstances and methane under others 
depending on the total pressure, the H2/CO ratio, and the 
temperature. 
For the second mechanism, the models of Bousquet et 
al. [4], Van Herwijner et al. [5], Fontaine [7], and Vannice 
[8] are very similar. They are represented in Figures 1-3, 
1-4, 1-6, and 1-7, respectively. No details were given in 
reference [5], except that the surface reaction between 
hydrogen and the H2co complex was assumed to be the rate 
determining step. Fontaine [7] also chose this step to be 
an irreversible step, as well as the final methane-forming 
step as a second irreversible step. The relative rates of 
these two steps would then govern the surface concentration 
of the adsorbed H2CO complex. 
Vannice [8], encouraged by the large body of data 
that showed the ratio of 1:1 between hydrogen and CO on the 
surface, has postulated the mechanism as shown in Figure 
1-7. The model is very simple. It should be noted that the 
intermediate chemical species need not be defined (such as 
keto or enol) as long as a CO molecule and a H_ molecule 
occupy the same surface site. Vannice also pointed out that 
a rate equation can be derived from the model proposed using 
the appropriate choice of y values, where y is the number of 
H atoms participating in the rate determining step. 
Finally, there is an attempt to explain the 
mechanism of the reaction based on nonuniformity of the 
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s u r f a c e . Boudart [35] proposed a more complicated model, 
involving the assumpt ion of s u r f a c e h e t e r o g e n e i t y . This 
model involves two i r r e v e r s i b l e s t e p s , which account for the 
d i f f i c u l t y in o b s e r v i n g s u r f a c e HCOH s p e c i e s under t h e 
reac t ion cond i t ions . However, the f i n a l de r ived r a t e was 
s imi la r to one of the simpler models. 
Oxygena ted t h e o r i e s have been w i d e l y s t u d i e d . 
However, t h e p o s t u l a t e d HCOH s p e c i e s h a s n o t b e e n 
s u b s t a n t i a t e d by s p e c t r o s c o p i c e v i d e n c e , whi le t h e r e i s 
v a r i o u s i n f r a r e d e v i d e n c e s u p p o r t i n g t h e f o r m a t i o n of 
m e t h y l e n e r a d i c a l s [ 3 4 ] . However, some i n v e s t i g a t o r s 
[36,37] have found H-O, C-0 and C-H bonds on t h e surface, of 
c a t a l y s t s . The only s p e c t r o s c o p i c ev idence of a formate 
species was found in a study by Dalla Betta and co-workers 
[36] who found a ca rbony l s t r e t c h i n g band a t 2043 cm - 1 for 
Ru/Al o a t 523 K. They a l s o i d e n t i f i e d adsorbed formate 
s p e c i e s and adsorbed w a t e r . Therefore, due to the absence 
of strong evidence in favor of oxygenated i n t e r m e d i a t e s , a 
number of i n v e s t i g a t o r s have rev ived the c a r b i d e theory . 
Sur face H was o b s e r v e d by mass s p e c t r o s c o p y [ 3 1 , 9 5 ] , 
S i m i l a r l y , in f rared spectroscopy and Mossbauer spectroscopy 
have shown the d i s s o c i a t i o n of CO t o form meta l c a r b i d e 
[38,39,40,44] . 
Using mass s p e c t r o s c o p y , J o y n e r , e t a l . [38] and 
Barbe r , e t a l . [39] observed t h a t CO was d i s s o c i a t e d on 
p o l y c r y s t a l 1 i n e Ni e v e n a t m o d e r a t e t e m p e r a t u r e s . 
S i m i l a r l y , Dalmon and M a r t i n [40 ] , u s i n g m a g n e t i c 
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measurements, have found Ni,C on the surface of Ni supported 
on s i l i c a . They have found tha t t h i s species r eac t s r ead i ly 
t o form methane when heated in a hydrogen atmosphere. Iron 
carbide was a lso d e t e c t e d by Raupp and Delgass [41 ,42 ,43 ] 
u s ing Mossbauer spec t ro scopy and t h e i r proposed mechanism 
based upon carbide formation i s shown in Figure 1-8. 
Rabo and co-workers [44] have observed t h a t CO w i l l 
d i s s o c i a t e on Ni, Co, and Ru to form both metal carbide and 
g r a p h i t e , and d i spropor t iona te to produce CO,. They found 
two types of carbon d e p o s i t s , g r aph i t e , which i s i n a c t i v e , 
and c a r b i d e , which i s r e a d i l y h y d r o g e n a t e d t o m e t h a n e . 
Using a CO and 0 2 pulse method, they observed t h a t C and CO 
coexis t on the sur face , except on Pd where the a d s o r p t i o n 
of CO i s n o n a s s o c i a t i v e . This work was s i m i l a r t o the 
f i n d i n g by Wentreck e_t a l ^ [45] who o b s e r v e d t h a t t h e 
surface carbon formed through the d i s soc i a t i on of CO i s more 
a c t i v e t o w a r d h y d r o g e n t h a n t h e c h e m i s o r b e d , b u t 
nondissociated CO. However, there i s no proof regarding the 
r e l a t i v e a c t i v i t i e s . Rabo and c o - w o r k e r s p r o p o s e d t h e 
p l a u s i b l e mechanism shown in Figure 1-9 for Co, Ru, and Ni. 
The c h o i c e be tween e q u a t i o n 2 and 3 d e p e n d s on t h e 
r e a c t i v i t i e s of the metal-oxygen species toward H? and CO, 
r e s p e c t i v e l y . Since in most ca se s , the metal-oxygen i s more 
r eac t i ve to H_, the production of H20 dominates. The r e s u l t 
from these experiments have i n d i c a t e d t h a t the e n v i s i o n e d 
s u r f a c e carbon route i s probably not the only reac t ion path 
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Figure 1-8. Mechanism Proposed by Dalmon and Martin [40]. 
2M (Ni, Co, Ru) 
M-0 H. 
M-0 +- CO 
M-C + 2H, 
CO M-C + M-0 







Figure 1-9. Mechanism Proposed by Robo et al. [44]. 
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Figure 1-10. Mechanism Proposed by Ekerdt and Bell [48]. 
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overlayers consisting of both surface carbon and non-
dissociated CO to hydrocarbons suggested that the 
chemisorbed but nondissociated CO i s a l s o conver ted to 
h y d r o c a r b o n s . The e f f i c i e n c y of the l a t t e r route i s , 
however, much lower than the f i r s t route. 
Several s tud ies have been undertaken by infrared 
spectroscopy to observe hydrogenation of CO . Dalla Betta 
and Shelef [36] and King [46] have observed that the primary 
species present on Ru/Al2o3 c a t a l y s t i s chemisorbed CO. 
Hydrocarbons and formate species were also found but have 
been ruled out as adsorbed products which are ac t ive toward 
the reaction. Similar works [46, 47] on silica-supported Ru 
c a t a l y s t s have a l so pointed out the abundance of adsorbed 
CO. 
Ekerdt and Bell , using infrared spectroscopy with CO 
and hydrocarbons adsorbed on the surface of silica-supported 
Ru ca ta lys t s , have found tha t the formation of r e l a t i v e l y 
high y i e l d s of C» and C3 p roduc t s i s favored as the 
temperature and the H_/CO ra t io decrease and as the p a r t i a l 
pressure of CO inc r ea se s . When the reaction is run in the 
absence of CO after the chemisorption of CO, the production 
r a t e s are found to be equal to or even exceed the r a t e s 
observed under s t e a d y - s t a t e c o n d i t i o n s . This r e s u l t 
i nd ica tes the poss ibi l i ty of CO dissociation on the surface 
of the c a t a l y s t . Ekerdt and Bel l have a l s o posed a 
p l aus ib l e mechanism as shown in Figure 1-10. The sequence 
i s nearly i den t i ca l to tha t proposed by Wagner [49] to 
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explain the formation of methane from carbon dissolved in 
iron. Reactions 6' and 7 can be considered as the rate 
limiting steps. However, based on equation 6' as the RDS, 
the kinetics are much more closely related to experimental 
data. 
4. Bimetallic Catalysts 
In spite of numerous works on metal loaded catalysts 
for the methanation reaction, few have investigated metal 
alloys. This can be partially attributed to the lack of 
understanding of the structure of alloys. It has been found 
by various investigators [50-52,41-43] that the nature of 
metal loaded catalysts is altered significantly when a 
second metal is added. The effect can either enhance or 
retard the activity of the original catalyst. 
Sinfelt [52] found that the addition of Cu to Ru 
supported silica reduces the activity of the catalyst, 
causing a decline in the turnover number of ethane 
hydrogenolysis even though the dispersion has increased. He 
was also able to determine that Cu atoms were totally 
immiscible with Ru in the bulk. Elliott and Lunsford [53] 
have found similar results with their studies of Ru-Ni, 
Ru-Cu, and Ni clusters in Y-zeolite. The addition of Ru to 
Cu supported zeolites decreases the activity. However, the 
addition of Ru to Ni clusters enhanced and stabilize the 
activity of the supported Ni catalysts. Furthermore, they 
found Ru clusters located in the large cavity of the 
zeolites in Ru/zeolites and Ni clusters located on the 
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e x t e r i o r of t he z e o l i t e s . However, the b i m e t a l l i c c l u s t e r s 
w e r e f o u n d t o be v e r y s m a l l and d i s t r i b u t e d e v e n l y 
th roughou t the s t r u c t u r e of t h e s u p p o r t . 
In a p a r a l l e l s tudy of Fe-Ni c a t a l y s t s , D e l g a s s and 
Raupp [ 4 1 , 4 2 , 4 3 ] found t h a t an equimolar mix tu re of Ni and 
Fe suppor ted on s i l i c a p r even t ed t he format ion of c a r b i d e on 
t h e c a t a l y s t s u r f a c e when t h e h y d r o g e n a t i o n of CO was 
c a r r i e d ou t a t 523 K. 
One of t he b i g g e s t o b s t a c l e s in t h e i n v e s t i g a t i o n of 
a l l o y c a t a l y s t s i s f i n d i n g t h e p rope r method t o c h a r a c t e r i z e 
t h e c a t a l y s t s . T h i s i s e s p e c i a l l y t r u e in t h e c a s e of 
d e t e r m i n i n g t h e s i z e d i s t r i b u t i o n of t h e a l l o y c l u s t e r s . 
fioma-Noto and S a c h t l e r [87] found t h a t even though both Pd 
and Ag adsorb CO r e a d i l y , on ly Pd i n PdAg a l l o y s a d s o r b CO 
and t h a t t h e s t r u c t u r e of adsorbed CO depends h e a v i l y upon 
t h e ne ighbor ing a t o m s . S i m i l a r l y , i t h a s been found t h a t 
t h e c h a n g e s i n t h e a d s o r p t i o n and c a t a l y t i c p r o p e r t i e s of 
a l l o y s u r f a c e s a r e f r e q u e n t l y n o t p r o p o r t i o n a l t o b u l k 
c o m p o s i t i o n , and t h i s s t r o n g l y s u g g e s t s t h a t t h e r e a r e 
s i g n i f i c a n t d i f f e r e n c e s be tween t h e b u l k and t h e s u r f a c e 
c o m p o s i t i o n . T h e r e f o r e , v a r i o u s p h y s i c a l t e c h n i q u e s t h a t 
a r e a v a i l a b l e f o r s i n g l e m e t a l c a t a l y s t a r e g r e a t l y 
handicapped in t h e i r u s e f u l n e s s . 
B . OBJECTIVES 
Ru and Fe a r e t h e two most r e a c t i v e me ta l s fo r t he 
me thana t ion r e a c t i o n w i t h i n t he Group V I I I m e t a l s . Due t o 
t h e c o s t of a n o b l e m e t a l s u c h a s Ru o r P t , a number of 
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investigators have made attempts to alter the properties of 
these catalysts with the addition of a second metal to form 
a bimetal. Hence economic factors dictate the formulation 
of these bimetallic catalysts with a possible sacrifice in 
catalytic properties. One might reasonably expect an active 
Pe-Ru bimetallic catalyst which might also meet the economic 
conditions. 
This research involves an attempt to determine the 
kinetic parameters and reaction mechanism as well as to 
define the surface characteristics of Ru loaded Y-Zeolite 
and Fe-Ru bimetallics loaded on Y-Zeolite. The work 
involves fundamental studies of surface structures using 
chemisorption with H.- and CO, infrared spectroscopy, and 
ESCA. Kinetic studies and an isotopic dilution experiment 
have also yielded information on the nature of this system. 
The purpose of this study was to determine the 
effects of the addition of Fe to Ru so that the value of the 
system as a catalyst could be assessed. This effect could 
be best illustrated in term of kinetic parameters as well as 
the surface properties of the catalysts. In this thesis, we 
have achieved some of the objectives as mentioned; however, 
the work does not cover all circumstances and, therefore, 
more research should be undertaken on this system. 
II-EXPERIMENTAL 
A. MATERIALS 
The stock Ru catalyst was prepared by ion exchange 
of Ru complex, [Ru(NH3)g]ci2r with Na-Y Zeolite (Linde LZ-
Y52) in distilled water. A small amount of ascorbic acid 
was added to minimize the oxidation of Ru. The ion exchange 
was performed under a helium atmosphere at 313 K with 
constant stirring. The process required two steps in order 
to assure quantitative uptake of Ru. Half of the total 
amount of Ru complex was mixed with Y-Zeolite for 12 hours 
followed by filtration, then exchange with the other half of 
Ru complex for another 12 hours. The catalyst was then 
washed with distilled water followed by methanol to remove 
moisture. The catalyst was dried at 323 K for 24 hours. 
The final analysis of this stock catalyst yielded 1.8% Ru by 
weight. 
The Fe-Ru catalysts were prepared by impregnation of 
Fe onto the stock Ru-Y Zeolite. A solution of Fe complex 
was prepared from Fe(NO_) .9H-0. The Fe solution and Ru 
catalyst were mixed to obtain various compositions and were 
then dried at 373 K for 18 hours. The final compositions of 
the catalysts were: 















All catalysts used for the reaction studies were 
pelletized, ground, and sieved to 20/40 mesh except for 
catalysts used for diffusional effect studies. Samples used 
in ESCA and infrared studies were in the non-pelletized 
form. 
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Zero helium and nitrogen were used in the gas 
chromatograph as carrier gases. Prior to reaction, hydrogen 
was passed over Pd/Al?0^ at 773 K to react trace amounts of 
oxygen followed by a dehydrated 5A Molecular Sieve (Linde) 
trap thermostatted with liquid nitrogen to remove moisture. 
Carbon monoxide was passed through a molecular sieve trap 
with an acetone/dry ice bath to remove carbonyls and water. 
Similarly, helium used in the reactor system was passed 
through a molecular sieve trap with liquid nitrogen. 
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B. APPARATUS 
1. Recirculation Reactor System 
The reactor system shown in Figure II-l was used for 
kinetic measurements. The system consisted of a batch 
recirculation reactor made of Pyrex glass with greased high 
vacuum stopcocks (SI thru S20). The high vacuum system 
consisted of a 2" Varian diffusion pump which was liquid 
nitrogen trapped, a Varian Ionization/Thermocouple gauge, 
and a rotary mechanical pump. Pressures below 10~5 torr 
could be obtained routinely. 
The reactants were stored in storage bulbs Bl thru 
B3. They were admitted into the recirculation reactor thru 
stopcock SI. With stopcock S2 closed the system pressure 
could be monitored with a tension diaphragm MKS Baratron 
type 221 A pressure gauge. 
Under operating conditions, stopcocks SI and S3 
would be closed. The reactants were pumped through the 
mixing volume, reactor, and back again. Three-way stopcocks 
S4 and S5 could be set to connect volume VI for pulse 
experiments. The volume for VI as determined by mercury 
displacement was 1.95 cc. Three-way stopcocks S6 and S7 
could be set to bypass the reactor. Trap Tl could be used 
with liquid nitrogen to remove the condensible compounds 
during the reduction step or could be used with a 
acetone/dry ice trap to remove water during the reaction in 
order to minimize the water-gas-shift reaction. The total 
volume of the recirculation reactor was 580 cc. 
STORAGE FLASKS 
SI2 










09 VOLUMETRIC P Z ADSORPTION 
APPARATUS 
Figure II-l. Recirculation Reactor System and Chemisorption Apparatus 
33 
The reactor could be removed from the main 
recirculation reactor system through ground glass joints Jl 
and J2. Stopcock S8 could be used to close off the reactor 
to prevent the contamination of the catalyst when the 
reactor was removed from the system. The catalyst was 
packed between two glass wool plugs in a 12 mm OD Pyrex 
glass tube. A thermocouple well inside the catalyst bed 
allowed measurement of the temperature during the reaction. 
The temperature of the reactor was controlled with an Omega 
Model 151 temperature controller using a simple electric 
furnance. The temperature of a reactor could be controlled 
within +/- 1 K. 
The recirculation pump consisted of a glass cylinder 
with an iron implanted glass piston. The piston could be 
moved back and forth via alternating magnetic fields which 
were provided by two solenoids surrounding the cylinder. 
The pump displacement was approximately 15 cc per second. 
2. Chemisorption Apparatus 
The a d s o r p t i o n i so therms were measured with a 
conventional Pyrex g l a s s vo lume t r i c a d s o r p t i o n system 
employing greased high vacuum stopcocks. The diagram is 
included in Figure I I - l with the r e c i r c u l a t i o n r e a c t o r 
system. This system consisted of known standard volumes VI, 
V2, and mani fo ld . The pressure of the system could be 
monitored by either a high range pressure gauge, P3, for 0.0 
to 1000.0 to r r , or a low range pressure gauge, P2, for 0.00 
to 100.00 t o r r . Both of the pressure gauges were tension 
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diaphragm MKS Baratron type 221 A S e r i e s g a u g e s . The 
reac to r could be connected to the chemisorption apparatus 
through ground g lass j o in t J 3 . The t empera tu re of the 
r eac to r was maintained by an e l e c t r i c furnance similar to 
the one. previously described. 
Various gases were stored in bulbs B4 thru B6. The 
system was pumped by the same diffusion pump/mechanical pump 
system previously described in the r e c i r c u l a t i o n reactor 
sys tem. A p r e s s u r e of 10" 5 t o r r cou ld be o b t a i n e d 
routinely. 
3 . Gas Chromatograph 
A Carle Series-S Analytical Gas Chromatograph (AGO 
111-H was used in the analysis? of the reactants and products 
in all the recirculation reaction experiments. Five columns 
were used in conjunction with three multifunction gas 
switching valves. The gas sample was analyzed by a 
thermistor detector. Hydrogen was separated from the sample 
thru a Hydrogen Transfer System (HTS) which consisted of a 
thin palladium tube heated to 773 K. Only hydrogen could 
diffuse through this metal tubing which escaped into a 
nitrogen carrier gas that swept the opposite side of the 
tube. One side of the thermistor detector monitored the 
nitrogen sweep while the other side monitored the helium 
carrier gas. 
The column/valve arrangement is shown in Figure II-
2, and a typical analytical sequence is presented in Table 
II-l. The column descriptions are presented in Table II-2. 
cw. '8 BBWIH KJSB. 
Figure I I - 2 . Column/Valve Arrangement for GC. 
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Table I I - l . Typical Ana ly t i ca l Sequence for GC. 
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COLUMN LENGTH PACKING 
1A 17' 28% Bis(EE)A+4.7% Squalane+2% Carbowax 1560 
on Chromosorb PAW, 80/100 mesh 
1C 12" 28% Bis(EE)A+4.7% Squalane+2% Carbowax 1560 
on Chromosorb PAW, 80/100 mesh 
IB 18" 1% Tetraethylene Glycol Dimethyl Ether on 
Porasil C, 80/100 mesh 
2 41 Porapak N, 80/100 mesh 
3 6' Molecular Sieve 13X, 80/100 mesh 
Table II-2. Column description 
GAS CHROMATOGRAPH CONDITIONS 
Helium Flow Rate 











































Table II-3. Programed valve sequences and AGC conditions 
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All valve switching was automatic. 
Each column used was optimum for separating certain 
components. Columns 1A, IB, and IC were primarily intended 
for hydrocarbon separations. Columns 2 and 3 performed 
separations of H2, o2, CH4, CO. In a typical analysis shown 
in Table II-l, valve VI was used initially to inject the 
sample, and separations were made on columns 1A, IB, and IC 
through 1-pentene. After this analysis the columns were 
backflushed and valve V2 injected another identical sample 
on column 2 in series with column 3 and the HTS. Hydrogen 
was separated at column 3 and then transferred into the 
nitrogen carrier gas at the HTS and finally, proceeded to 
the detector TCD2. Before hydrogen was detected, column 3 
was bypassed and C0_, ethylene, and ethane were sent to the 
detector TCD1 from column 2. Column 2 was immediately 
backflushed to vent and column 3 again connected to detector 
TCD1, then 0 , N_, CH., and CO were separated as they left 
column 3. 
The output from the AGC was sent to a Hewlett-
Packard 3390A integrator for analysis. The programmed AGC 
parameters and conditions are listed in Table II-3. The 
integrator parameters are listed in Table II-4 which 
included the relative molar responses (RMR) of various 
gases. The first column is the value of peak area/pressure 
in torr as calibrated by our standard mixtures. These 
values represent average values over a number of standard 




Peak Width 0.04 
Threshold 1 
Area Reject 50 





























































Table II-4. Integrator Parameters. All RMR's were 
reported with a helium carrier gas except 
for H_ which was detected in N~. 
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as the chromatograph was recalibrated. Column two is the 
ratio of the RMR of each species to that of CO, and the last 
column is the value reported by Darry and Rosie [24]. Our 
values correspond closely to the published values. A 
typical chromatogram and its analysis are shown in Figure 
II-3. 
4. BSCA 
ESCA spec t ra were kindly taken by Dr. Jeffrey Donner 
a t the D e p a r t m e n t of C h e m i s t r y a t LSU. Samples, were 
prepared from c a t a l y s t powder and pressed in to a small d i s k . 
They were t r ea ted in flowing hydrogen for 12-15 hours a t 773 
K and cooled t o room t empera tu r e before the s p e c t r a were 
taken. These t reatments were accomplished i n s i d e the ESCA 
sampling chamber. 
The ESCA s p e c t r o m e t e r was a Perk in Elmer Physical 
E l e c t r o n i c s D i v i s i o n (PHI) Model 548 ESCA/Auger s y s t e m 
equipped with a PHI model 2100 sample in t roduct ion system 
with t h e o p t i o n a l PHI model 02-120 h o t / c o l d spec imen 
t r a n s p o r t probe and a PHI model 32-030 Neutra l izer for the 
m i n i m i z a t i o n and e l i m i n a t i o n of sample c h a r g e . The 
ESCA/Auger system was in ter faced to a Tracor Northern model 
TN-1505 s i g n a l a v e r a g e r a l l o w i n g d a t a t o be c o l l e c t e d 
d i g i t a l l y . The d a t a was then t r a n s f e r r e d d i r e c t l y t o a 
Perkin Elmer In te rda ta Division model 8/32 computer for 
a n a l y s i s . The d a t a c o u l d be p r o c e s s e d t o c o r r e c t f o r 
background, high binding energy, s ide peak t a i l i n g , and l i ne 















































Figure II-3. Typical Chromatogram and ita Analyni. 
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was then plotted on a Tektronic model 4662 digital plotter. 
5. Infrared Cell 
A r e m o v a b l e i n f r a r e d c e l l was used in t h e s e 
experiments . I t was made from a 7 /8" by 3 /8" r e c t a n g u l a r 
Pyrex g l a s s with a high vacuum stopcock. A p i c tu re of the 
c e l l i s shown in Figure I I - 4 . The c a t a l y s t wafer was held 
in p l a c e by a s t a i n l e s s s t e e l ho lde r 2 1/2" long and 5/8" 
wide, which could be s l i d from the bottom of the c e l l to the 
windows. The c e l l windows were made of NaCl and were 7 /8" 
by 1 1/2". They were mounted perpendicular to the c a t a l y s t 
holder to allow the maximum infrared t ransmiss ion . 
The c e l l c o u l d be c o n n e c t e d t o t h e m a i n 
r e c i r c u l a t i o n r e a c t o r s i m i l a r t o the r e a c t o r p r e v i o u s l y 
descr ibed . Only the bottom pa r t of the c e l l was immersed in 
the e l e c t r i c hea te r . The c e l l could be evacua ted t o 10" 
t o r r under dynamic vacuum. The stopcock could be closed off 
and t h e r e a c t o r removed f o r i n f r a r e d a n a l y s i s , hence 
preventing the contaminat ion of the c a t a l y s t wafer by the 
atmosphere. 
6. Fourier Transform Infrared Spectrometer 
A l l t h e i n f r a r e d s p e c t r a were taken with an IBM 
Instruments IR/32 Four i e r Transform I n f r a r e d Spec t romete r 
(FTIR) equipped with a He-Ne l a s e r . The FTIR spectrometer 
system consisted of an IBM CS/9000 micro-processor for da t a 
a c q u i s i t i o n and da t a a n a l y s i s , two 8" d i sk d r i v e s , and a 
l iqu id ni trogen cooled Mercury-Cadmium-Telluride d e t e c t o r . 
4-2 
Figure 11-4. The Infrared Cell. 
4 3. 
The spectrometer covered the mid-infrared range from 
4800 to 400 cm - 1 which allowed all of the frequencies of 
this region of infrared energy to be measuredsimultaneously. 
It utilized a scanning Michelson interferometer to create 
the interference pattern characteristic of the frequencies 
and intensities of light which were seen at the detector. 
Under normal circumstances, 200 to 600 scans of the sample 
were sufficient to obtain a reasonable signal to noise 
ratio. The resolution was set at 2 cm" . 
C. EXPERIMENTAL PROCEDURES 
1. Standard Treatment Conditions 
Prior to each kinetic and infrared experiment, 
catalyst samples were reduced at 773 K with 200 torr of 
hydrogen and 560 torr of helium in the recirculation reactor 
for 15 to 17 hours. A liquid nitrogen trap was used to trap 
all the condensible compounds. It was found that at 773 K 
one could obtain the highest metal dispersion on all Ru and 
Fe-Ru catalysts, hence establishing standard conditions for 
the reduction process. Furthermore, a minimum of 12 hours 
was required in all cases for the reduction process in order 
to maintain constant activity of the catalysts. The sample 
was then cooled to 573 K under the hydrogen/helium 
atmosphere before evacuation at this same temperature. The 
catalyst was allowed to degas at 573 K under dynamic vacuum 
for only one half hour to minimize the chance that metal 
particles could be reoxidized. After evacuation, the 
pressure above the sample was less than 10~ 5 torr. This 
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procedure was followed for each subsequent r e a c t i o n . The 
standard condit ion for the k i n e t i c s tud ie s i s defined a t 
523 K reac t ion temperature with a reac tan t mixture of H2 t o 
CO of 3 t o 1. 
2. Chemisorption Experiments 
The chemisorp t ion experiments were performed in the 
adsorpt ion apparatus previously d e s c r i b e d . T y p i c a l l y , 0.5 
g r a m s of c a t a l y s t we re t r e a t e d a s d e s c r i b e d in t h e 
p re t r ea tmen t s e c t i o n in the r e c i r c u l a t i o n r e a c t o r system 
p r i o r to the c h e m i s o r p t i o n . The dead volume of the sample 
conta iner was determined f i r s t by a P-V expansion using high 
pu r i t y helium. The reac to r was connected t o the a p p a r a t u s 
thru the ground g l a s s j o i n t J3 ( see Figure I I - l ) . The 
cons tan t volume VI, man i fo ld , and p r e s s u r e gauge P2 (low 
r a n g e p r e s s u r e g a u g e ) w e r e n o r m a l l y u sed f o r t h i s 
c a l c u l a t i o n . With stopcocks S13, S15, S16, S17, S19 c losed , 
we could account for the ava i l ab le volume. Helium was then 
admi t t ed through S17. Once the p r e s s u r e of the standard 
volume reached e q u i l i b r i u m , the p r e s s u r e in t h i s known 
volume was recorded. Then stopcock S13 was opened allowing 
hel ium t o expand i n t o the evacua ted r e a c t o r . Once t h e 
pressure s t a b i l i z e d , a second pressure reading was recorded. 
From t h e s e two p r e s s u r e read ings , an i n i t i a l and a f i n a l , 
and a known s t a n d a r d volume one could c a l c u l a t e the dead 
volume of the r e a c t o r . This procedure was repeated th ree to 
f i v e ' t imes t o a r r i ve a t an average dead volume. Typica l ly , 
volumes could be determined to + / - 0.01 c c . 
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Once the dead volume was determined, the reac to r was 
evacua ted a t room t e m p e r a t u r e . A f t e r one h a l f hour a 
t y p i c a l p r e s s u r e of 10~ 5 t o r r was r o u t i n e l y o b t a i n e d . 
Hydrogen chemisorption followed, a f t e r which the sample was 
degased a t 573 K for one hour fol lowed by carbon monoxide 
chemisorption. 
Both hydrogen and carbon monoxide a d s o r p t i o n were 
c a r r i e d o u t i n a m a n n e r s i m i l a r t o t h e dead volume 
measurement where one s t a r t s wi th a known s t a n d a r d volume 
and a measured p r e s s u r e . The adsorbate gases were allowed 
t o expand from the s t a n d a r d volume wi th a known i n i t i a l 
p r e s s u r e i n t o t h e r e a c t o r a t a number of p r e s s u r e 
increments, from a pressure of 80 t o r r to 300 t o r r . However 
t h e r e a c t o r was not evacuated between each s t e p and the 
number of moles of adsorbate gas was care fu l ly accounted for 
as p u l s e s were added. With a known s t a n d a r d volume, the 
i n i t i a l pressure of a d s o r b a t e gas in t h e r e a c t o r , and the 
f i n a l p r e s s u r e of the the s t a n d a r d volume p l u s the dead 
volume, one could ca l cu l a t e the amount of gas adsorbed on to 
the c a t a l y s t surface a t each f ina l pressure reading. 
Hydrogen adsorption on both Ru-Y Zeol i te and Fe-Ru Y 
Z e o l i t e approached equ i l i b r ium slowly a t room temperature . 
The equil ibrium isotherm of hydrogen adsorpt ion a t a h i g h e r 
t e m p e r a t u r e showed iden t i ca l r e s u l t s . However, equi l ibr ium 
was reached much f a s t e r . After 30 minutes a t 373 K, fur ther 
adsorption was n e g l i g i b l e . A s i m i l a r slow a d s o r p t i o n was 
a l s o observed for CO chemiso rp t ion on a l l four c a t a l y s t s . 
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Both types of chemisorption yielded a linear isotherm from 
100 to 250 torr indicating a completely covered surface. 
The extrapolation from this linear isotherm to zero pressure 
yielded the monolayer coverage of adsorbate [64]. 
3. Recirculation Experiments 
A reactor containing about 0.5 gram of catalyst was 
connected to the recirculation reactor system thru ground 
glass joints Jl and J2. With stopcocks S6 and. S7 rotated to 
evacuate the reactor, the catalyst was evacuated at room 
temperature until a pressure of about 20 microns was 
reached. With stopcock S2 closed, hydrogen was allowed to 
enter from glass bulb B2 to the recirculation reactor thru 
SI. A typical reduction process used 250 torr of hydrogen 
and about 510 torr of helium. The temperature of the 
reactor was slowly increased to 773 K while the hydrogen-
helium mixture was circulated through the reactor. Liquid 
nitrogen was used at trap Tl to remove water in the system 
and the catalyst reduced overnight prior to the reaction. 
After reduction was complete, the catalyst was 
cooled to 573 K under the recirculating hydrogen-helium 
mixture, then the reactor was bypassed via S6 and S7. The 
liquid nitrogen trap was removed from Tl, and once the trap 
was warmed, S2 was opened allowing the system to be 
evacuated. Once the recirculation reactor system was 
completely evacuated, the catalyst was evacuated. Pressures 
— 5 below 10 torr could be obtained after 30 minutes of 
evacuation. 
47 
After the evacuation was complete, the reactor 
temperature was lowered to the reaction conditions, and a 
dry ice/acetone bath was placed at trap Tl. The reactor was 
then bypassed via S6 and S7. With S2 closed, the reactants 
were admitted thru SI and the pressure was monitored with 
gauge PI. CO was usually admitted first followed by 
hydrogen to yield a given mixture of H2/co. Helium was then 
admitted thru S12, passing through molecular sieve T2 which 
was immersed in liquid nitrogen, and then through SI. The 
final pressure was about 760 torr. The mixture of reactants 
was diluted by helium to improve the heat transfer in the 
reactor and to minimize atmospheric contamination. The 
reactant mixture was then condensed with liquid nitrogen at 
trap Tl and at the mixing volume to help mix the reactants. 
Once trap Tl and the mixing volume thawed, stopcock S3 was 
closed and the pump was turned on. The reactants were 
allowed to further mix for at least 15 minutes. The 
reaction was started by reconnecting the reactor thru S6 and 
S7 to the recirculation reactor system. 
Samples could be removed from the recirculation 
reactor system thru S8 for gas chromatographic analysis. 
For the case of deuterated reactions, the procedures were 
identically the same except deuterium was used in place of 
hydrogen. 
4. Infrared Experiments 
For the infrared experiments, the catalyst was 
ground to a very fine powder in a mortar, and 25 to 35 
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milligrams pressed into a thin wafer with a hydraulic press. 
The typical pressure was in the range of 20000 to 23000 psi. 
The size of a wafer was 1/2" in diameter. This wafer was 
translucent to the eye and allowed observation in the 
infrared region. The wafer was placed in the infrared cell 
as previously described. The catalyst was then subjected to 
the same pretreatment as presented for the chemisorption 
experiments. After this pretreatment, the pressure above 
the wafer was about 10"5 torr. The cell was then cooled to 
room temperature under dynamic vacuum, closed off, and 
removed from the recirculation reactor, after which a 
reference spectrum of the clean catalyst was taken. Samples 
of CO, H o and mixtures thereof could then be adsorbed 
onto the wafer as described below and a spectrum taken. 
a. Carbon Monoxide Infrared Spectra 
Samples for CO spectra were prepared by 
chemisorption of CO onto a freshly reduced catalyst wafer at 
298 K or 373 K. A range of 30 microns to 50 torr of CO were 
introduced into the infrared cell for 20 minutes. The 
pressure of the system usually reached equilibrium after 10 
to 15 minutes. The cell was then cooled to room temperature 
followed by evacuation at room temperature until the 
— 5 pressure above the catalyst was 10 torr. The cell was 
then closed off and taken to the infrared spectrometer for 
analysis. Similar experiments were also carried out for 
catalysts which had been pre-exposed to oxygen. 
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b. Infrared Spectra after Co-adsorption of CO with 
H
2 and CO with 0-
Experiments were carried out for each catalyst where 
the sample was first exposed to 11 torr of CO at 373 K for 
— 5 20 minutes followed by cooling and evacuation to 10 torr. 
After evacuation, 5 torr of H2 were admitted to the cell and 
the sample temperature was adjusted to either 298 K or 373 K 
-5 for 20 minutes followed by cooling and evacuation to 10 
torr. The sample was then ready for infrared analysis. 
Following the same idea, various samples were 
treated with a cycle of CO exposure followed by 0 2 exposure 
and possibly with another CO exposure. All the 
chemisorption steps were carried out at 373 K. The initial 
CO exposure was typically in the range of 30 torr while 
later exposures were 5 torr. 
c. Isotopic Dilution Experiments 
12 13 Infrared experiments with mixtures of CO and CO 
were also carried out at 373 K in a manner identical to the 
previous experiments for CO spectra. A range of mixtures 
TO n 
from 10% CO to 90% CO at a t o t a l pressure of 11 torr 
were chemisorbed at 373 K for 20 minutes, then cooled to 
room t empera tu re and evacuated for 5 minutes p r io r to 
spectral analysis . 
d. Methanation Reaction a t 523 K 
I n a m a n n e r s i m i l a r t o p r e v i o u s i n f r a r e d 
measurements , a c a t a l y s t wafer was a l s o analyzed a f t e r be ing 
s u b j e c t e d t o m e t h a n a t i o n r e a c t i o n c o n d i t i o n s w h i c h 
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duplicated conditions used for kinetic studies. A standard 
reaction was performed over the infrared ready wafer; after 
1 hour of reaction, the reaction was stopped, the wafer was 
cooled and evacuated to 10~5 torr after which a spectrum was 
taken. The same experiment was also performed with D_ 
replacing H9. 
Ill - RESULTS 
A. KINETIC MEASUREMENTS 
1. Catalytic Aging 
In order to understand the effect of catalytic aging 
on all four catalysts, runs were made on three consecutive 
days with a reduction step every day for each catalyst. 
Typical results for catalyst A and catalyst D are shown in 
Figures III-l through III-6. These figures represent the 
result of the methanation reaction at 523 K. The partial 
pressures of both the reactants, CO and H2, and the product 
methane are plotted as functions of time. 
Hence it is apparent that when the catalysts were 
treated under standard conditions, as described in the 
pretreatment section, the catalysts retained constant 
activity for several days. As demonstrated by Figures III-l 
through III-6, repetition of the reduction process produces 
little effect on the long term activity indicating that the 
metal particles are stable and that irreversible carbon 
poisoning does not occur. 
Therefore , all catalysts used for kinetic 
measurements were activated in the same manner before the 
reaction. The data were taken from runs over a period of 10 
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Figure III-l. Partial Pressure of CO during the Methanation Reaction at 523 K 
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Figure III-2. Partial Pressure of Hg during the Methanation Reaction at 523 K 
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Figure III-3. Partial Pressure of CHj, during the Methanation Reaction at 523 K 
over Catalyst A. 
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Figure III-**. Partial Pressure of CO during the Methanation Reaction at 523 K 
over Catalyst D. 
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Figure III-5. Partial Pressure of H2 during the Methanation Reaction at 523 K 




Figure III-6. Partial Pressure of CKu during the Methanation Reaction at 523 K 
over Catalyst D. 
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2. Diffusional Effects 
To demonstrate that diffusional effects were not 
influencing the kinetics of the methanation reaction, two 
catalysts of different particle size were prepared. 
The experiments consisted of reaction under standard 
conditions described in the previous chapter using 0.5 
gm of the usual 20/40 mesh size catalyst and another run 
with 0.5 gm of 40/60 mesh size catalyst under the same 
conditions. A typical result is shown in Figure III-7 where 
the partial pressures of both methane and CO are plotted as 
functions of time. The results indicate that there is no 
mass transfer resistance in the methanation reaction because 
the conversions are essentially the same on both particle 
sizes. 
3. Methanation Kinetics 
F i g u r e s I I I - 8 t h r o u g h 1 1 1 - 1 4 r e p r e s e n t t h e 
convers ion of CO for t yp ica l runs on c a t a l y s t s A, B, C, and 
D. The open symbols in these 7 p l o t s represent the ac tua l 
experimental values as defined by the following equat ion: 
£ "ci ?j 











METHflNflTION REACTION AT 523 K 
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Figure III-?. The Comparison of the Methanation Reaction at 523 K for two 
Catalyst mesh sizes. 
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Figure III-8. The Comparison of CO Fractional Conversion over Catalyst A at 






Figure III-9. The Comparison of CO Fractional Conversion at 523 K over 
Catalyst A at Various HpsCO Mixtures. o\ 
o 
in 




3 i l 
3 i2 




533 K 5-12-B3 
533 K 5-13-B3 





U J o 
D 
CJ 
CflTflLYST TYPE:1.82 RU 
CO RRTE CONSTANT 0.007200 
H2 RRTE CONSTANT 0.022200 
CO OROEH -0.60 
H2 ORDER 1.20 
60 BO 100 
TIME (MINUTES) 
160 
Figure 111-10. The Comparison of CO Fractional Conversion at 533 K over 
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Figure III-ll. The Comparison of the Methanation Reaction over Catalyst B 
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Figure 111-12. The Comparison of CO Fractional Conversion at 523 K over 
Catalyst B at Various Hp*CO Mixtures. 
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Figure III-13. The Comparison of the Methanation Reaction over Catalyst C 




Figure III-l^. The Comparison of the Methanation Reaction over Catalyst D 
at Various Temperatures. 
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where 
f -* = fractional conversion with respect to CO 
CO 
at j sampling time 
= number of carbon atoms in species i 
nci 
Pi J = partial pressure of species i at j t h sampling 
time 
P -1 = partial pressure of CO at j sampling time 
The solid lines in all these figures represent the 
results of the numerical solution to two first order 
differential equations resulting from writing the rates of 
reaction for the two reactants as described below: 
dPC0 y V 
d t " = "WW <V (2) 
d PH ? 
dt "V^ 'V (3) 
where: 
PCO = Partial pressure of CO 
p = partial pressure of H0 
FH2 l 
kc_ = rate constant with respect to CO 
k„ = rate constant with respect to H_ 
X = CO reaction order 
Y = H2 reaction order 
These two differential equations represent the rate 
of disappearance of the two reactants with respect to time. 
The techniques used in arriving at the numerical solutions 
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invo lve the i n i t i a l guesses of t h e two r a t e c o n s t a n t s , k 
and k„ , and t h e two r e a c t i o n o r d e r s , X and Y. Once t h e 
H2 
i n i t i a l g u e s s e s w e r e m a d e , a R u n g e - K u t t a n u m e r i c a l 
i n t e g r a t i o n r o u t i n e was used t o s o l v e t h e s e two c o u p l e d 
d i f f e r e n t i a l e q u a t i o n s . The s o l u t i o n s which were o b t a i n e d 
from t h i s i n t e g r a t i o n were compared wi th t h e a c t u a l p a r t i a l 
p r e s s u r e s measu red d u r i n g t h e c o u r s e of t h e e x p e r i m e n t a l 
r u n . The sum of t h e s q u a r e of t h e e r r o r s was t h e n 
o b t a i n e d , and used as c r i t e r i a in a p a t t e r n s e a r c h p rogram 
which found the b e s t va lues fo r k-,-, k„ , X, and Y. 
CO H2 
The p a t t e r n s e a r c h method was pu t forward by Hooke 
and J eeves [ 3 0 ] . This method c o n s i s t s of an i n i t i a l g u e s s 
w i t h a g i v e n " c o s t " . The p r o c e d u r e i n v o l v e d numbers of 
" e x p l o r a t o r y moves" where each v a r i a b l e was p e r t u r b e d by a 
g i v e n s t e p s i z e and t h e c o s t was r e c a l c u l a t e d p e r e a c h 
change . These c o s t s were t h e n compared t o a r r i v e a t t h e 
l e a s t c o s t . Once t h e l e a s t " c o s t " was o b t a i n e d , t h e 
v a r i a b l e s were changed t o accommodate t h i s new c o s t , t h u s 
e s t a b l i s h i n g a new s e t of v a r i a b l e s . The a n a l y s i s of the 
r e s u l t s as o b t a i n e d by t h e n u m e r i c a l s o l u t i o n t o t h e two 
r a t e e q u a t i o n s f o l l o w e d t h i s same c r i t e r i a w h e r e t h e 
v a r i a b l e s in t h i s a n a l y s i s were t h e i n i t i a l g u e s s e s of t h e 
r a t e c o n s t a n t s and t h e r e a c t i o n o r d e r and the c o s t was t h e 
t o t a l e r r o r p r e v i o u s l y d e s c r i b e d . The p a t t e r n s e a r c h 
r o u t i n e involved the change of t h e s e v a r i a b l e s one a t a t ime 
fol lowed by the Runge-Kutta r o u t i n e t o s o l v e for t he p a r t i a l 
p r e s s u r e s . T h e s e p a r t i a l p r e s s u r e s were c o r r e c t e d f o r 
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changes in volume due to the sampling procedure which was 
amounted to less than 1.5 % of the total volume. The 
pattern search program also contains an acceleration routine 
to double the step sizes when the error value decreases very 
rapidly, and reduce the step sizes when the total error cost 
decreases slowly. The initial step size for the rate 
constants was 0.01 and the initial step size for the 
reaction orders was 0.1. The total number of step size 
reductions was limited to 10. There were also a number of 
constraints in the program. The values of the reaction 
orders were limited between -4.0 and 4.0, and the values of 
the rate constants could not be zero or negative. The 
routine was terminated when the optimal error, in this case 
the minimum error was reached. Finally a small perturbation 
near the optimal point followed by the same pattern search 
was used to check for a global minimum as opposed to a local 
minimum. 
Once t h e v a l u e s of k„_ , k„ , X, and Y were o b t a i n e d 
CO H2 
t h e v a l u e of t h e f r a c t i o n a l c o n v e r s i o n of CO c o u l d be 
c a l c u l a t e d a s : 
f C O ( t ) = P C O ( t ) / P C O i n t ( 4 ) 
where : 
f_,0(t) = fractional conversion of CO 
P_,0(t) = partial pressure of CO from the numerical 
solution 
pro int = inifcia! partial pressure of CO 
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Table III-l summarizes the results of the kinetic 
analysis. The effects of both the H_ concentration and CO 
concentration are quite obvious. In the case of catalyst A, 
an increase in H2 partial pressure accelerates the rate of 
reaction while an increase in the CO partial pressure 
decelerates the rate of reaction. This observation is true 
over the entire temperature ranges studied. The same 
qualitative results were also observed in all bimetallic 
catalysts. 
4. Activation Energy 
The effect of temperature on the reaction 
rate is clearly demonstrated in Figure III-8 for catalyst A 
, in Figure III-ll for catalyst Bf in Figure 111-13 for 
catalyst C, and in Figure 111-14 for catalyst D. The 
values of k_n were calculated at various temperatures by 
the pattern search program but using fixed reaction orders 
as calculated at 523 K. The results are presented in 
Arrhenius plots in Figures 111-15 thru 111-18. Hence, 
activation energies were obtained from these plots for the 
temperature range of 503 K to 543 K, and are included in 
Table III-l. 
5. The Reaction of CO with D, 
The reaction of CO with D2 was also observed at 523 
K with a 1:3 ratio of CO to D2. The results are presented 
in Figures 111-19 to 111-21 for catalyst B, C, and D. The 
substitution of H2 by D2 produced little effect on the 
overall rate of disappearance of CO, but it increased the 
71 






1.8% Ru 1.2% Fe 
1.8% Ru 3.7% Fe 



























CO ORDER i -0.6 
H2 ORDER : 1.2 
1.860 1.860 1.900 1.920 1.9U0 1.960 
1000/T(K) 
1.960 






















O 1.8* RU 1.2X FE H2iC0*3il RT 523 K 








— i 1 1— 
60 60 100 
TIME (MINUTES) 
—r-
120 140 20 40 160° 
Figure I I I -19 - The Comparison of the Methanation Reaction at 523 K using 
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Figure 111-20. The Comparison of the Methanation Reaction at 523 K using 
Hp/CO Mixture and D2/C0 Mixture over Catalyst C. 
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Figure 111-21. The Comparison of the Methanation Reaction at 523 K using 
H2/C0 Mixture and D2/C0 Mixture over Catalyst D. 
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r a t e of production of methane. The i n v e r s e i s o t o p e e f f e c t 
observed in t h i s work i s s imi la r to the r e s u l t obtained by 
Bell and co-workers [ 3 1 ] . This r e s u l t i n d i c a t e s t h a t t h e 
r a t e of r e a c t i o n i s n o t l i m i t e d by t h e r a t e of H2 
d i s s o c i a t i o n . 
6. Product Distribution 
The product d i s t r i b u t i o n reported i s de f ined a t 20% 
c o n v e r s i o n of t h e l i m i t i n g r e a c t a n t , CO. However, the 
p r o d u c t d i s t r i b u t i o n i s e s s e n t i a l l y c o n s t a n t w i t h 
conversion. The values are tabula ted in Table I I I - 2 for a l l 
four c a t a l y s t s . The product d i s t r i b u t i o n s are grouped in to 
5 c a t e g o r i e s : methane, 2-carbon spec i e s , 3-carbon s p e c i e s , 4 
or more carbon s p e c i e s , and carbon d i o x i d e . The g r a p h i c 
r e p r e s e n t a t i o n i s shown in F igure 111-22 . The p roduc t 
d i s t r i b u t i o n based on the Schu l t z -F lo ry theo ry i s shown in 
F igure 111-23 where r e l a t i v e molar concentra t ion i s p lo t t ed 
aga ins t the carbon number. 
B . SURFACE ANALYSIS 
1. ESCA Spectra 
Samples for ESCA spectra were reduced in flowing H-
at the rate of 60 cc/hr at 773 K for 15 hours, followed by 
cooling to 573 K and evacuation at this temperature for 1 
hour. All the treatments were performed inside the sample 
prechamber to prevent atmospheric contamination. A pressure 
torr was normally obtained before insertion into the 
main chamber. The samples were then allowed to cool to room 
temperature under dynamic vacuum before the spectra were 
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Mole % of Products 
Ru/Fe CH4 c 2 C3 C 4
+ C02 
1 . 8 / 0 . 0 fil.O 9 . 8 5 .9 2 . 5 0 . 8 
1 . 8 / 1 . 2 72 .4 10 .7 9 .5 5.6 1.8 
1 . 8 / 3 . 7 57.0 11 .6 11 .7 6 .0 14 .5 
1 . 8 / 5 . 9 51.8 9 .8 12 .0 5 .5 20 .9 
Table III-2. Product Distribution at 523 K for H2:CO * 3:1 at 20 % 
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CARBON NUMBER 
Figure 111-23. C versus Carbon Number during the 
Methanation Reaction at 523 K over 
Catalyst A. 
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t a k e n . Al l b ind ing e n e r g i e s a r e r e f e r e n c e d t o Si 2p a t 
102.54 eV. Table I I I - 3 summarizes the r e s u l t s of the ESCA 
s t u d i e s . An example of ESCA raw d a t a i s a l s o shown in 
F igure 111-24 for c a t a l y s t A. The i n t e r p r e t a t i o n i s r a the r 
s t r a i g h t forward. The value of 279.4 eV co r re sponds to Ru 
3 d _ / 2 and i s i d e n t i f i e d as Ru . The peak a t 709.3 eV i s 
2+ iden t i f i ed as Fe and corresponds to Fe 2p , , 2 « Final ly the 
705 eV peak together with the 719.0 eV peak a r e i d e n t i f i e d 
a s Fe , c o r r e s p o n d i n g t o Fe 2 p 3 / - and Fe 2 p _ , 2 
r e s p e c t i v e l y . 
2. Chemisorption Results 
H„ a d s o r p t i o n on both Ru-Y Z e o l i t e and Fe-Ru Y-
Z e o l i t e approach e q u i l i b r i u m s lowly a t room tempera tu re . 
After 30 minutes under hydrogen pressure a t 298 K, f u r t h e r 
a d s o r p t i o n was n e g l i g i b l e . The equi l ibr ium isotherm of H„ 
a d s o r p t i o n a t h i g h e r t e m p e r a t u r e showed an i d e n t i c a l 
monolayer coverage as a t room tempera ture except tha t the 
equ i l ib r ium was a t t a i n e d in a s h o r t e r pe r iod of t i m e . A 
s i m i l a r slow a d s o r p t i o n was a l s o observed for CO on 
a l l four c a t a l y s t s . Both t y p e s of c h e m i s o r p t i o n 
i s o t h e r m s y i e l d a l i n e a r i so therm from 100 t o 250 t o r r 
ind ica t ing a completely covered su r f ace . The e x t r a p o l a t i o n 
from t h i s l i n e a r i s o t h e r m t o z e r o p r e s s u r e y i e l d s the 
monolayer coverage of the a d s o r b a t e [ 6 4 ] . Based on t h i s 
i n fo rma t ion we a r r i v e a t t h e number of the a c t i v e s i t e s , 
both H_ ac t ive and CO a c t i v e , assuming one H atom per s i t e 
and one CO per s i t e . The d ispers ion i s obtained by dividing 
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Metal XPS Peak 
A 
Ru 3d5/2 279.4 
F e 2P3/2 
Fe 2p ? / 2 
TABLE III-3. Metal Binding 
Reduction in < 
CATALYST 
B C D 
279.1 279.1 279.0 
709.3 708.3 705.3 
708.2 
721.9 719.0 
Energies for Each Catalyst after 
V Relative to Si 2p = 102.54 eV. 
BINDING ENERGY EV 
Figure 111-2^-. ESCA Spectrum of Ru 3d^/2 of Freshly Reduced Cata lys t A. 
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the total number of active sites by the total number of (Fe 
+ Ru) atoms. A typical chemisorption of H2 and CO on Fe-Ru 
catalyst, after reduction at 773 K and evacuation at 573 K, 
is given in Figure 111-25. A table showing the dispersion 
and capacity of each catalyst is shown in Table III-4. 
3. Infrared Spectra 
a. Effect of Coverage 
All of the catalyst wafers were treated under the 
same standard conditions previously described prior to 
infrared experiments. The pretreatment conditions consisted 
of a reduction step with H2 and He mixture at 773 K for at 
least 12 hours followed by degasing at 573 K for 30 minutes. 
The samples were then cooled to room temperature under 
dynamic vacuum. 
In order" to understand the relationship between the 
surface coverage of CO and the corresponding infrared band 
frequency, an infrared experiment was designed such that a 
reduced catalyst sample was exposed to CO at various 
pressures. The experiment was carried out in an IR cell 
where the sample was exposed to CO at 373 K for 20 minutes, 
followed by cooling both the sample and the CO gas phase to 
298 K before evacuating at this temperature for 5 minutes. 
The spectrum of the sample was then taken at 298 K. The 
infrared spectra of catalyst A, which has been exposed to CO 
at 373 K, as a function of coverage are shown in Figures 
111-26 and 111-27. At the lower pressure range of 36 
microns there is only one broad peak at 1960 cm" . Upon 
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Table III-4. Hydrogen and Carbon Monoxide Cheinisorption Data at 373 K. 
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Figure 111-26. Infrared Spectra in the CO Absorption 
Region at 373 K on a Reduced Catalyst A 
Sample at (A) J6 millitorr, (B) 140 
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Figure 111-27. Infrared Spectra in the CO Absorption 
Region at 373 K on a Reduced Catalyst A 
Sample at (A) 11 torr, (B) 30 torr, and 
(C) 50 torr. 
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increasing the pressure there are more peaks to be found at 
2000 , 2046, 2080, 2102, 2130, and 2157 cm"1. Every peak 
remains unchanged when the pressure is increased from 11 
torr to 50 torr with the exception of the peaks at 2007 and 
2041 cm" . The peak at 2041 cm shifts to 2046 cm" while 
the peak at 2007 cm" shifts to 2010 cm" . 
b. Effect of Temperature 
A parallel experiment was also carried out at 298 K 
to compare the effects of adsorption temperature as well as 
the exposure duration on the frequencies of the CO bands on 
catalyst A. In this case the sample was exposed to 28 
torr of CO at 298 K. The spectra of the sample were 
taken at various time intervals at 298 K under CO atmosphere 
where the background was corrected for CO gas phase. The 
infrared spectra of the sample as a function of time are 
shown in Figure 111-28. Spectrum A represents the 
adsorption after 1 hour. The spectrum is dominated by a 
very broad peak around 2040 cm" with a shoulder at 2107 cm" 
and smaller peaks at 2156 and 2169 cm" . As the time of 
adsorption increases, the broad adsorption around 2040 cm 
produces a number of resolved and distinct peaks at 2025, 
2041, 2051, and 2074 cm (see spectrum D in Figure 111-28). 
It also becomes evident that peaks at 2108 and 2169 cm" 
grow and decrease together indicating that they are 
dependent upon each other. After 54 hours of adsorption, 
there are only two sharp peaks at 2041 and 2080 cm" with 
shoulders at 2024, 2048, and 2108 cm" . There are also 
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Figure 111-28. Infrared Spectra in the CO Absorption 
Region at 298 K on Reduced Catalyst A: 
(A) after 1 hour, (B) after 9 hours, 
(C) after 23 hours, (D) after 5^ hours, 
and (E) after evacuation at 298 K for 
18 hours. 
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weaker bands at 2126, 2135, 2157, and 2169 cm" . Upon 
evacuation at room temperature for 18 hours the spectrum E 
resembles the initial adsorption at 1 hour. The peaks at 
2180 and 2108 cm have decreased drastically and only 
appear as shoulders. A similar observation also holds true 
for the bands at 2126, 2135, 2157, and 2169 cm"1 after 18 
hours of evacuation. There is only one shift observed, the 
shift of the band at 2073 cm" at 1 hour adsorption to 2080 
cm" after 54 hours. 
A similar experiment was performed on a freshly 
reduced catalyst A wafer which was initially exposed to 
30 torr CO at 298 K for 20 minutes; then the sample was 
heated to 373 K and held for 20 minutes. The sample was 
then cooled to room temperature before it was evacuated for 
5 minutes. The spectrum was recorded at 298 K. This 
spectrum is then compared to the adsorption of CO at 373 K 
under the same conditions in Figure 111-29. The sample at 
298 K produces similar spectra as observed previously, 
however upon increasing the temperature to 373 K the 
spectrum becomes resolved and produces a distinct number of 
bands. There are sharp bands at 2043 and 2082 cm with a 
shoulder at 2101 cm" and three smaller peaks at 2126, 2157, 
and 2168 cm" . There are numbers of similarities between 
spectrum B and spectrum C, however the band at 2168 cm" is 
absent in the case where the sample was exposed to CO at 
373 K. 
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Figure III-29. Infrared Spectra in the CO Absorption 
Region on Reduced Catalyst A. (A) 30 
torr CO at 298 K after 20 min., (B) then 
heated to 373 K for 20 min., then evacu-
ated at 298 K for 5 min., and (C) 30 torr 
CO at 373 K after 20 min. 
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c. Effect of Oxygen 
The effect of oxygen on adsorbed CO on catalyst A 
and the adsorption of CO on an oxidized catalyst A are shown 
in Figure 111-30. All the spectra were taken at 298 K. The 
spectrum A represents a reduced sample which was initially 
exposed to 30 torr of CO at 373 K for 20 minutes and then 
evacuated at 298 K for 5 minutes. Spectrum B shows the 
effect of the exposure of the sample to 5 torr of O,, at 373 
K and spectrum C represents the readsorption of CO on the 
sample at 5 torr and 373 K for 20 minutes. Finally the 
spectrum D represents the sample which has been previously 
reduced and then was exposed to 10 torr of 0 2 at 373 K for 
10 minutes, then degased at 373 K for 10 minutes. The 
sample was later exposed to 30 torr of CO under the same 
conditions as spectrum A. 
The exposure of adsorbed CO to low pressure 
oxygen at 373 K produces a drastic reduction in the two very 
sharp peaks at 2046 and 2081 cm" . This partially oxidized 
catalyst gives rise to only one strong band at 2082 cm 
with shoulders at 2101 and 2068 cm" . There are also three 
weaker bands at 1981, 2016, and 2157 cm" . Upon the 
reintroduction of 5 torr of CO at 373 K for 20 minutes, 
there is only a small restoration of the band at 2077 cm" . 
The adsorption of CO on an oxidized catalyst produces only 
one sharp band at 2171 cm" and two very broad bands at 2137 
and 1980 cm" . Interestingly the locations of the major 
bands were not effected by the exposure to oxygen at 373 K, 
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Figure 111-30. Infrared Spectra in the CO Absorption 
Region on Reduced Catalyst A. (A) 30 
torr CO at 373 K after 20 min., (B) then 
exposed to 02 at 373 K, (C) reexposed to 
5 torr CO at 373 K, (D) 30 torr CO at 
373 K on an oxidized sample for 20 min. 
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however the major peak a t 2082 sh i f t ed to 2077 cm" upon the 
re-exposure of the sample t o 5 t o r r of CO. This spectrum 
(spectrum C) i s very s imi l a r to the adsorption of CO on the 
oxidized' sample (spectrum D). 
In o r d e r t o i d e n t i f y the h ighe r f requency bands 
c o r r e c t l y , a number of CO chemiso rp t i on expe r imen t s were 
c a r r i e d o u t on c a t a l y s t A s a m p l e s t h a t had r e c e i v e d 
d i f f e r en t oxygen p re t r ea tmen t s . F igu re s 111-31 and 111-32 
r e p r e s e n t t he s tud i e s on CO adsorption a t 373 K on c a t a l y s t 
-A samples t h a t have been t r e a t e d wi th oxygen a t v a r i o u s 
temperatures and cond i t i ons . "Figure 111-31 shows the e f fec t 
of the durat ion of CO adsorpt ion a t 373 K on the sample t h a t 
h a s been e x p o s e d t o 10 t o r r of oxygen a t 373 K fo r 10 
minutes followed by evacuation a t the same t empe ra tu r e for 
10 m i n u t e s . The spectrum a f t e r one hour i s very s imi l a r to 
spectrum D in Figure 111-30. There i s only one sharp band 
a t 2072 cm and numbers of s m a l l e r bands a t 2001, 2021, 
2102, 2137, and 2157 cm" . After 8 hours ( see spectrum B) 
the re are a t l e a s t two sharp bands a t 2081 and 2050 cm" and 
a shou lde r a t 2101 cm" . There i s evidence t ha t the major 
peak a t 2072 cm" found a f t e r 1 hour has s h i f t e d t o 20R1 
cm" whi le the l e s s i n t e n s i v e bands a t 2021 and 2001 cm" 
a f t e r one hour s h i f t t o 2006 and 1980 cm" . Spectrum C 
shows the e f fec t of evacuation of the sample a f t e r 18 hours . 
The major band a t 2081 cm h a s d e c r e a s e d though t h i s 
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Figure 111-31. Infrared Spectra in the CO Absorption 
Region on oxidized Catalyst A. (A) after 
1 hour, (B) after 9 hours, and (C) after 
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Figure III-32. Infrared Spectra in the CO Absorption 
Region for: (A) CO adsorption on oxi-
dized Catalyst A, (B) CO adsorption on 
oxidized Catalyst A which was evacu-
ated at 573 K for 18 hours, and (C) CO 
adsorption on Catalyst A that was 
oxidized at 573 K. 
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Figure 111-32 shows the effect of the pretreatment 
of the oxidized sample prior to the adsorption of CO at 373 
K. Spectrum A is the same as spectrum C in Figure 111-31. 
Spectrum B represents the CO adsorption on a sample that 
has been exposed to 5% O./He mixture at 373 K for 1 hour 
then evacuated at 573 K for 18 hours. Spectrum C represents 
30 torr of CO at 373 K on 1.8% Ru that was exposed to 10 
torr oxygen at 573 K for one hour then evacuated at 573 K 
for one hour. Spectra A and C give essentially the same 
shape, however the sizes of the peaks in spectrum C is much 
smaller due to the loss of transmission and possible 
sintering effect caused by oxygen. The interesting result 
is spectrum B which represents the oxidized sample that has 
been evacuated at an elevated temperature for 18 hours. The 
peaks found in this sample have the same characteristics as 
the ones found in CO adsorption on freshly reduced 
catalysts. All the major peaks at 2081, 2047, 2126, 2157, 
and 2168 cm" are found in this sample as spectrum A in 
Figure 111-27. 
d. Effect of Hydrogen 
Under similar conditions, a sample which was pre-
exposed to 11 torr of CO at 373 K for 20 minutes then 
evacuated at room temperature for 5 minutes was subjected to 
5 torr of H2 at 298 K for 20 minutes ( spectrum B in Figure 
111-33 ). In this case there was only a small effect on the 
sample, notably a small reduction in the band at 2080 cm" . 
However when the same sample was treated with 5 torr of H„ 
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Figure III-33. Infrared Spectra in the CO Absorption 
Region on Reduced Catalyst A. H2 effect 
on adsorbed CO on Catalyst A at 373 K. 
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at 373 K for 20 minutes there was a large effect on the 
sharp bands at 2080 cm" and on a smaller band at 2030 cm" . 
The overall effect on the sample was to produce one 
broad band around 2044 cm and 2004 cm" ( 
spectrum C ). H_ also causes a small shift in the band at 
2046 to 2044 cm , also the previous shoulder at 2007 
becomes a more distinct band at 2004 cm" . 
e. CO Adsorption on Bimetallic Catalysts 
Finally, all four catalysts were exposed to CO at 373 
K and the spectra at 298 K are compared in Figure 111-34. 
All four catalysts were subjected to the same reduction 
process previously mentioned. The spectra represent the 
adsorption of CO at 373 K for 20 minutes, which were cooled 
to room temperature before they were evacuated for 5 
minutes. Samples A and B show similar bands; however the 
bands of catalyst B (spectrum B) show a drastic reduction in 
the amount of adsorbed CO. All the major peaks found in A 
are found in spectrum B with a slight shift in the band at 
2046 cm in A to 2043 cm in B and a band at 2007 cm in 
A to 2003 cm" in B. Spectra C and D are magnified 4 
times in order to enhance the image. These two spectra are 
similar to each other but much different from the pure Ru 
and lightly loaded Fe-Ru catalyst. The major peak at 2080 
cm" and small shoulders at 2102 and 2007 cm" are almost 
extinct in these catalysts. Both spectra C and D produce a 
broad band about 2040 cm" with a small shoulder at 2080 
cm" . Again, the only significant shift relative to spectra 
1 
Figure 111-34. Infrared Spectra in the CO Absorption 
Region on Reduced Catalysts. 11 torr 
CO at 373 K on (A) Catalyst A, (B) 
Catalyst B, (C) Catalyst C, and (D) 
Catalyst D. 
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A occurs in the major peak at 2040 cm" in A to 2043 cm" in 
C and to 2040 cm" in D. 
f. Isotopic Dilution Experiments 
Isotopic dilution experiments were carried out in a 
manner similar to the chemisorption of CO on catalysts A 
thru D. The sample wafer was reduced the same as those 
previously described. The CO adsorption was carried out at 
373 K with a total CO pressure of 11 torr. The isotopic 
12 experiments involved the successive dilution of CO with 
CO. The exposure time was 20 minutes followed by 
cooling to room temperature before evacuation at this 
temperature for 5 minutes. The spectra were taken at 298 K 
similar to the rest of the infrared experiments. 
It has already been clearly illustrated in Figures 
111-26 and 111-27 that the frequency of CO adsorbed on the 
pure Ru catalyst increases due to the increasing dipole-
dipole effect of adjacent CO molecules as a totally covered 
surface is achieved. On the contrary, bimetallic catalysts 
at a relative high pressure of 11 torr (see Figure 111-34) 
exhibit only CO-Ru bands while CO-Fe bands were absent. In 
Voroshilov's studies [65], the adsorption of CO on ferric 
oxide of different reduction states gave rise to bands in 
the infrared region at 2180, 2070, 2020 cm" for CO 
adsorbed on Fe_0,, FeO, and Fe, respectively. The CO bands 
due to various Fe oxidation states which were observed by 
Voroshilov et al^ were not found in these experiments. 
However , the effect of the addition of Fe onto the stock Ru 
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Y-Zeolite is illustrated by the two major CO-Ru bands at 
2080 and 2046 cm" . The band at 2080 cm" decreases as the 
amount of Fe increases and the CO-Ru band at 2046 cm 
shifts downward to 2040 cm for catalyst D. The major 
effect of the addition of Fe to Ru catalyst is on the 
magnitude of CO adsorption. The addition of Fe produces a 
drastic reduction on CO uptake on the surface of the 
catalyst. Likewise the addition of Fe also reduces the 
magnitude of the band at 2080 cm~ . Another observation 
is that, even though the band at 2046 cm shifts, the 
magnitude is quite small. 
Isotopic dilution is found to be a very useful tool 
in the case of bimetallic catalysts. This technique is very 
important in identifying the various effects produced by 
12 
alloying two different metals. The dilution of CO with 
13 "CO often reveals information which is hidden by dipole-
dipole in te rac t ions of the adsorbate. I t is found by 
12 various investigators [58-61] that upon diluting CO with 
1 3 
CO, they could gain information about the geometrical and 
e l ec t r i ca l effects produced by a l loy ing . Using th i s 
technique, the c h a r a c t e r i s t i c changes of the infrared 
spectra of adsorbed CO by the alloying effect of Ru with Fe 
is illustrated in Figures 111-35 thru 111-38. The effect of 
several isotopic mixtures for pure Ru and three other Fe-Ru 
catalysts on the medium frequency band of 2046 cm" are 
shown in Figure 111-39. It is clear that the effect of Fe 
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Figure 111-35. Infrared Spectra in the CO Absorption 
Region for Isotopic Dilution on Reduced 
Catalyst Ax (A) 100# 12C0, (B) 33# l2C0. 
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Figure III-36. Infrared Spectra in the CO Absorption 
Region for Isotopic Dilution on Reduced 
Catalyst Bi (A) 100# 12C0 and (B) 25% 
12C0. 
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Figure 111-37. Infrared Spectra in the CO Absorption 
Region for Isotopic Dilution on Reduced 
Catalyst Cs 
12C0. 
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Figure III-38. Infrared Spectra in the CO Absorption 
Region for Isotopic Dilution on Reduced 
Catalyst Ds (A) 70% 12C0 and (B) W» 
12C0. 
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as it is with CO. The addition of CO into 'CO produces 
a strong effect, decreasing this medium frequency band. The 
1 3 extrapolation of this curve to pure CO produces the 
1 2 singleton frequency for the CO-Ru band at 1993 +/- 5 
cm" . This singleton frequency is the frequency which would 
be obtained if all dipole-dipole interactions were removed. 
It is clearly demonstrated in Figure 111-39 that the 
addition of Fe into the Ru catalyst produces no significant 
effect on the singleton frequency of CO on Ru. All the data 
for various isotopic dilution mixtures fall, within the 
experimental error, on the same path suggesting that, at 
least on the surface, Fe atoms do not participate in the Ru 
matrix. The overall effect clearly demonstrates that Fe 
produces neither a geometrical nor an electrical effect on 
the Ru atom. 
g. Infrared Spectra After Methanation Reaction 
Conditions 
In o rder to u n d e r s t a n d t h e mechanism of t h e 
methanation r eac t ion , i t i s important to understand the 
nature of the adsorbed species on the c a t a l y s t su r face . 
T h e r e f o r e , a number of infrared spect ra were taken for 
ca ta lys t s which had been exposed to methanation reac t ion 
condi t ions . The reac t ion was car r ied out under the same 
conditions as the kinetic studies where the c a t a l y s t wafer 
was reduced overnite at 773 K under H_-helium mixture with a 
l iqu id ni trogen trap in l i ne . The sample was cooled to 573 
K before evacuation. The pressure above the wafer was about 
T 1 1 r 
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Figure III-39. Isotopic Dilution Experiment. 
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-5 10 torr after 5 minutes of evacuation at this temperature. 
The temperature of the wafer was then lowered to the 
reaction condition at 523 K before exposure to the reactant 
mixture. After one hour of reaction, the infrared cell was 
bypassed and was allowed to cool to room temperature before 
evacuating at this temperature for 5 minutes. The spectra 
were then taken at 298 K and are shown in Figures 111-40 
thru 111-43. 
Figure 111-40 represents the spectra of catalyst A 
after one hour of reaction. There is one dominant peak 
around 2000 cm" representing the linear adsorption of CO. 
There is an absence of the multiple CO adsorption at 2080 
cm- on the surface of the catalyst. The difference between 
the reacted catalyst wafer and the freshly reduced wafer 
exposed to CO is a small increase in the peak at 1643 cm 
and smaller peaks at 2870 and 2930 cm" . The first peak 
at 1643 cm" is probably the scissor vibration of the 
water molecule commonly found in the range of 1650-1600 cm 
[66] . The other two smaller peaks represents assymetric 
C-H stretching vibrations for the CH2 group at 29 30 cm" , 
and symmetric C-H stretching vibrations for the CH3 group 
at 2870 cm"1 [67]. 
The infrared spectrum after the methanation reaction 
on catalyst B is shown in Figure 111-41. The result is 
similar to the plain Ru catalyst. The CO linear adsorption 
is found at 2000 cm" . There is a slight increase in the 
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Figure 111-40. Infrared Spectra in the CO Absorption Region for the Methanation 
Reaction at 523 K over Catalyst A after 1 hour. 
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Figure III-41. Infrared Spectra in the CO Absorption Region for the Methanation 
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Figure III-4-2. Infrared Spectra in the CO Absorption Region for the Methanation 
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Figure 111-^3• Infrared Spectra in the CO Absorption Region for the Methanation 
Reaction at 523 K over Catalyst D after 1 hour. 
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presence of the C-H vibrational bands at 2870 cm" due to 
the CH3 group, at 2924 ~ due to CH2 group, and a new band 
at 2964 cm" due to the assymetric CH, stretching [67] are 
apparent. 
The catalyst C spectrum is shown in Figure 111-42. 
The result is similar to the previous two catalysts with the 
exception of a small shift in the CO band from 2000 cm" to 
2005 cm" . The highest percentage Fe catalyst D produces 
similar results (see Figure 111-43) with the exception of a 
large shift in the CO band from 2000 to 2021 cm" . This 
shift is also observed in the case of isotopic dilution 
experiments previously described. The transmission of this 
particular wafer reduced markedly after the reaction causing 
a loss in the detail of the infrared spectrum in the range 
of 3200 to 2500 cm"1. Therefore the C-H peaks at 2900-2800 
cm" were not observed. However the presence of the water 
molecule on the surface was still detectable at 1643 cm 
h. Infrared Experiment with D2 
In order to distinguish some of the infrared bands, 
a series of experiments with deuterium replacing hydrogen 
were performed. The same conditions used in the infrared 
experiments which were performed after the methanation 
reaction were employed except that D2 was substituted for 
H 2. An example is shown in Figure 111-44, which is a 
typical result observed on all four catalysts. The CO peak 
is found at the usual location indicating that D2 produces 
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Figure III-*J4. Infrared Spectra in the CO Absorption Region for the Methanation 
Reaction at 523 K with D2/C0 Mixture over Catalyst B after 1 hour. 
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peaks from 2780 to 2500 cm-1 with sharp peaks at 2760, 2730, 
and 2700 cm" . These three peaks probably represent the 
oxygen-deuterium stretching vibration and correspond to the 
O-H peaks at 3745, 3737, and 3698 cm [68] . The presence 
of an O-D bond indicates that even though steps were taken 
to minimize the water gas shift reaction, there is still 
significant water built up on the surface of the catalyst. 
This is to be expected since the source of water is the 
reaction on the surface. 
i. CO and CO, Chemisorption 
In order to understand the nature of surface carbon, 
an experiment was carried out for which the surface of the 
catalyst was intentionally covered with carbon. This 
catalyst was later exposed to CO,. The sample was 
originally exposed to 50 torr of CO at 373 K for 30 minutes, 
then cooled to room temperature before evacuation at this 
temperature for 5 minutes. Figures 111-45 and 111-46 show 
various effects of treatments on the adsorbed CO on catalyst 
B. Figure 111-45 shows an evolution of surface CO upon 
heating. Spectrum A shows the typical peaks previously 
described. Upon heating the sample to 523 K for 30 minutes, 
spectrum B was the result. The two sharp bands at 2080 and 
2043 cm" disappeared giving rise to one broad band centered 
around 2000 cm" . The most striking result is the 
appearance of a CO_ band at 2350 cm" . This sharp band is 
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Figure 111-^5. Infrared Spectra in the CO Absorption Region on Reduced Catalyst Bs 
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Figure 111-^6. Infrared Spectra in the CO Absorption 
Region on Reduced Catalyst B; (A) 50 torr 
at 523 K after 1 hour, (B) evacuated at 
523 K for 10 hours, (C) after 100 torr C02 
at 523 K for 1 hour. 
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A similar sample was heated at 523 K in 50 torr of CO 
for one hour. These conditions are generally favorable for 
the disproportionation of CO [69]. The spectrum taken at 
298 K is shown in Figure 111-46 curve A. Spectra B 
represents the sample after 10 hours of evacuation at 523 K. 
The spectrum shows a very broad band from 2100 to 1940 cm 
This broad peak is probably due to residual, unreacted CO. 
This sample was then exposed to C0 2 at 5 23 K for one hour. 
The result is shown in spectra C. The obvious result was 
the sharp rise in absorption intensity at 2000, 2040 and 
2080 cm" . These peaks are probably the result of the 
reverse disproportionation reaction, i.e. : 
C(s) + C02(g) > 2 CO(s) 
IV - DISCUSSION 
A. INTERPRETATION OF CHEMISORPTION AND ESCA 
One of the most important aspects of the Ru and Fe-
Ru Zeolite is its degree of reduction. It is found that the 
hydrogen uptake and the activity of 'all four catalysts are 
strongly dependent on the temperature and the duration of 
the reduction process. Claussen and Good [96] have found 
2 + using Mossbauer spectroscopy that [Ru ( NH, ) ,.N?] exchanged 
with NaY can be completely reduced to the metallic state in 
flowing hydrogen at 673 K. Similarly Jacobs et al. [97] 
have determined that Ru on Y Zeolite from Ru(NH3) 
exchanged with NaY could be reduced to its metallic state at 
a temperature as low as 573 K. These observations are also 
confirmed by our chemisorption and ESCA results which 
indicate that Ru has been reduced to its metallic state. 
However the Fe-Ru bimetal is apparently difficult to reduce 
to its metallic state as evidenced by the ESCA analysis. 
From our ESCA results it appears that there are significant 
2+ 0 
quantities of Fe with traces of Fe after the reduction 
process. Furthermore, the chemisorption isotherms of both 
H2 and CO show a drastic reduction in gas uptake when Fe was 
added to the Ru catalyst. The addition of Fe to the 
catalyst A decreases not only the calculated overall 
dispersion but also the total adsorptive capacity of the 
catalysts with respect to both H, and CO adsorption. The 
dispersion as calculated from H_ chemisorption decreases 
123 
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from 0.59 with catalyst A to just under 0.02 for catalyst D. 
Similarly, the total H2 active sites drops from 106 x 10 
mole/gm for catalyst A to 22 x 10~ mole/gm for catalyst D. 
These phenomenon can be partially explained by a 
well known characteristic of the Fe particle. It has been 
observed that iron oxide must first form a large particle 
via sintering before a full reduction can be accomplished 
[70], Raupp and Delgass [41] have shown the effect of 
drying conditions on the particle size growth. They found 
that small particles resulting from a vacuum-dried catalyst 
cannot be reduced ( only about 15% Fe is formed ) . However 
large particles are completely reduced to zero valent Fe 
under similar conditions. Therefore, it is quite common to 
attempt to accelerate the reduction of highly dispersed 
metal catalysts by simply adding a second metal which is 
highly active to H2 activation, e.g. Ru. 
There are only small amounts of work done on the Fe-
Ru system. Ru is known to form a solid solution with Fe 
[71,72] only when the Ru concentration is higher than 24.5 
mole %, and the hexagonal close-pack (HCP) crystal structure 
is formed. In the concentration range of 24.5 to 4.5 mole % 
Ru, a two-phase region consisting of an Ru enriched HCP 
structure and an Fe enriched body-centered cubic (BCC) 
structure exists. When the concentration of Ru falls below 
4.5 mole %, Ru is substituted into the BCC structure of the 
Fe lattice. Contrary to these guidelines for the bulk 
system, Delgass et al. [73], using Mossbauer to study the 
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surface structure of unsupported FeRu powder, found tha t Fe 
i s enriched on the surface, forming iron oxide islands which 
p a r t i a l l y cover the Fe-Ru a l loy . In similar studies of a 
silica-supported FeRu system with less than 1 wt% Ru loading 
[74], the Mossbauer resul ts of impregnated, calcined , and 
reduced FeRu samples show tha t Fe cannot be reduced to a 
zero valent s ta te ei ther with or without Ru. However when 
Ru was added to the c a t a l y s t , the degree of reduction 
decreased. I t i s apparent that the low degree of reduction 
which was observed by t h e s e i n v e s t i g a t o r s and by our 
investigation is due to both the presence of small par t ic les 
and to the poor me ta l l i c i n t e r a c t i o n between Fe and Ru. 
S t a r t i ng with Rii and adding Fe, as in our inves t iga t ion , 
simply r e s u l t s in a conglomerate in which Ru blocks the 
formation of large iron oxide par t ic les and thereby causes 
the Fe to be even more d i f f icu l t to reduce. The reduction 
in the numbers of both H_ and CO ac t ive s i t e s observed in 
th is work is consistent with the fact that iron oxides which 
have lower surface tens ions than Ru wi l l p r e f e r e n t i a l l y 
migrate to the surface of the bimetallic c ry s t a l l i t e thereby 
preventing the adsorption of both H2 and CO on Ru s i t e s . 
Iron oxides do not adsorb H_ or CO to appreciable extent . 
B . INTERPRETATION OF INFRARED BANDS 
Despite numerous works [75-80] done on CO adsorption 
on Ru , t h e r e a re only a few a g r e e m e n t s on t h e band 
assignments . In general, a l l researchers agree on the band 
assignment of the l i nea r adsorpt ion form, Ru-CO, and the 
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br idged form, Ru-CO-Ru . These two bands a r e g e n e r a l l y 
found in the range of 2050-2000 cm for l i n e a r a d s o r p t i o n 
and in t h e r a n g e 1950-1870 cm" for b r idge a d s o r p t i o n . 
Da l l a B e t t a [77] has a s s igned the band a t 2039 cm t o 
l i n e a r a d s o r p t i o n for 5% Ru/alumina. S imi l a r ly , Bell [75] 
i d e n t i f i e d the band a t 2040 cm as a l i n e a r a d s o r p t i o n , 
wh i l e Brown [78] assigned the band a t 2030 cm" in h i s work 
on the a d s o r p t i o n of CO on 6% Ru on s i l i c a a s the l i n e a r 
form. This was fol lowed by the work of Goodwin [79] who 
assigned the band a t 2045 cm" to a l i nea r CO a d s o r p t i o n on 
h i g h l y d i s p e r s e d Ru p a r t i c l e s on Y - Z e o l i t e . The bridged 
form assignment i s due t o the work of Guerra and Schulman 
[80] who a s s i g n the broad band around 1910-1870 cm" t o 
bridge type adsorp t ion . 
However, assignments for the higher frequency bands 
around 2080 cm" and around 2150 t o 2100 cm" are not 
we l l known. Al l i n v e s t i g a t o r s [7 6-79,81-83] ag ree t h a t 
t h e s e b a n d s r e p r e s e n t t h e s y m m e t r i c v i b r a t i o n and 
asymmetrical v ib ra t ion of mul t ip le CO adsorpt ion on a s ing le 
Ru atom. However disagreement p e r s i s t s on the nature of the 
Ru atom i t s e l f . Dal la B e t t a ' s s t u d i e s [77] which invo lve 
the dependence of the CO v i b r a t i o n a l frequency as a function 
of the Ru c r y s t a l l i t e s i z e led him t o s p e c u l a t e t h a t the 
higher frequency bands represent mul t ip le CO adsorpt ion on a 
s ing le Ru atom with a low coordinat ion number. In c o n t r a s t , 
Brown [78] ass igns these same bands t o CO adsorbed on an Ru 
atom perturbed by a nearby oxygen. S imi l a r ly , Bell [76] and 
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Goodwin [79] believe tha t these bands are associa ted with 
multiple adsorption of CO on a par t i a l ly ionized Ru atom. 
From t h i s s tudy, we found that the bridged form of 
adsorption occurs f i r s t at low CO p r e s s u r e s . A broad band 
of CO a d s o r p t i o n i s observed around 1950 cm a t 36 
m i l l i t o r r of CO pressure a t 373 K ( Spectrum A, Figure 
111-26). At higher pressures, the bands around 2000 to 2040 
cm begin to appear corresponding to the l inear adsorption 
previously identified [76-79]. Comparing these spect ra to 
CO adsorpt ion a t room temperature ( spectrum A, Figure 
111-28) leads to the speculation that th is broad adsorpt ion 
around 2040 cm" represen t s the d i s t r i b u t i o n of l inearly 
adsorbed CO on s i t e s d i f f e r ing in t h e i r a c t i va t i on energy 
l e v e l s . This broad band ref lects the surface heterogeneity 
of the Ru ca ta lys t . Further adsorption a t pressure higher 
than 10 t o r r a t 373 K produces sharp bands at 2080, 2101, 
2130, and 2157 cm . These bands a r e s e n s i t i v e to the 
durat ion of evacuation at room temperature and the original 
spectrum at lower pressures can be obtained a f t e r 18 hours 
of evacuat ion. This leads us to the conclusion that these 
bands must represent the multiple adsorption of CO on single 
Ru atoms whereby the adsorption is not as strong as a l inear 
form, hence the adsorpt ion i s r e v e r s i b l e under vacuum. 
Fur thermore the bands a t 2080 and 2130 cm" a r e a l so 
sensi t ive to H2 and to 02 (Figures 111-30 and 111-33). 
The effect of 02 treatments have revealed numbers of 
interest ing observations. When an Ru sample was subjected 
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to 0 2 at 373 K for 10 minutes followed by CO adsorption, we 
found one sharp peak at 2071 cm" with numerous smaller 
peaks at 2001, 2012, 2102, and 2137 era ( Figure 111-32 
spectrum A ). However, when a similar sample was subjected 
to a severe O treatment at 573 K for 1 hour followed by CO 
adsorption, there are only two peaks left at 2075 and 2130 
cm" . The catalyst in the first case probably still retains 
some Ru crystallites in their metallic states, but in the 
latter case, all surface Ru atoms have been converted to Ru 
oxides, probably RuO_. Hence the peaks at 2075 and 2130 cm 
are probably due to CO adsorption on ruthenium oxides. 
Similarly, when a sample was oxidized at 373 K for a short 
time, then evacuated at 573 K for 18 hours followed by CO 
adsorption at 373 K , the spectrum ( spectrum B, Figure 
111-32) is very similar to CO adsorption on a reduced 
catalyst under the same conditions (Figure 111-27). This 
result indicates that the process of oxidation occurs only 
on the very top layer of the Ru crystallite and is probably 
in the form of chemisorbed oxygen which can be removed by a 
simple evacuation at elevated temperatures. Furthermore, 
the peaks at 2080, 2101, 2137, and 2157 cm in Figure III-
26 must represent multiple CO adsorption on Ru metal that 
2 + has chemical properties which resembles Ru . This is 
strongly supported by ESCA results of the Ru catalyst which 
indicates that Ru is in its metallic state after the 
reduction. Also highly dispersed Ru is found to be stable 
once reduced. 
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The ef fec t of the exposure t ime on the o x i d i z e d Ru ' 
sample r e v e a l s numbers of i n t e r e s t i n g phenomenon. After 8 
hours of CO adsorpt ion on an oxidized sample , t he spectrum 
we o b t a i n e d (F igu re 111-31) r ep roduces the spectrum of CO 
a d s o r p t i o n on a r e d u c e d s a m p l e . Two s h a r p p e a k s a r e 
> 
observed in both c a s e s with a s l i g h t s h i f t in the band a t 
2046 cm for the case of the reduced sample t o 2050 cm" 
f o r t h e o x i d i z e d s a m p l e . This band probably r e p r e s e n t s 
l i n e a r CO adsorption with a nearby oxygen. This behavior i s 
probably the r e s u l t of surface reduction by CO which occurs 
a s : 
co s + o s > co2 , 
because excess C02 was a l so de tec ted . 
By comparing the spectrum of CO adsorption a t 298 K 
with the a d s o r p t i o n a t 373 K, i t become obvious t h a t t he 
b a n d f o u n d a t 2080 and 2137 cm" in b o t h c a s e s a r e 
f u n c t i o n s of t ime and t e m p e r a t u r e . These bands d id not 
appear s t r o n g l y u n t i l 54 hours of exposure in the case of 
the 298 K adsorpt ion but were wel l def ined in t h e case of 
373 K a d s o r p t i o n a f t e r only 20 minutes . These temperature 
dependencies together with the evolut ion of CO- point t o the 
p o s s i b i l i t y of a n o t h e r s u r f a c e r e a c t i o n , p r o b a b l y a 
d i s p r o p o r t i o n a t i o n r eac t i on , such t h a t CO r e a c t s on c e r t a i n 
Ru atoms in the absence of both oxygen and H~ t o produce 
carbon and carbon d i o x i d e and l e a v e s p a r t i a l l y ionized Ru 
atoms. This i s s t rongly supported by the ESCA spectrum of 
t h e reduced Ru c a t a l y s t where i t i s found t h a t Ru e x i s t s 
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only in its zero valent state. The other set of infrared 
bands at 2 101 and 2157 cm" probably represents multiple CO 
adsorption on similar Ru atoms but with different activation 
energy levels. The infrared locations of these four bands 
are similar to the bands found in various carbonyl ligands 
in Ru complex such as Ru(CO)4Cl2 [83], Ru(CO)4Br2 [83], and 
Ru(CO)4i2 [84]. 
The nature of adsorbed CO as represented by the four 
bands at 2080, 2101, 2137 and 2157 cm" is more revealing 
when the spectra of all four of catalysts are compared 
(Figure 111-34). The addition of Fe to Ru has effectively 
changed the availability of Ru for CO adsorption. At the 
lowest Fe concentration on catalyst B, one observes a 
drastic reduction in the adsorption capacity of Ru. Thus, 
the results from both ESCA and chemisorption studies can be 
interpreted to mean that the surface is partially covered by 
iron oxides, therefore reducing the capacity of the catalyst 
for CO adsorption. At higher Fe concentrations, the effect 
on the high frequency bands is very obvious. The catalyst 
surface is now composed of two distinct metal regions. One 
is rich in Ru and the other is rich in iron oxides. The 
structure can be imagined as Ru islands which are surrounded 
by iron oxides. We would expect the encroachment of Fe on 
the Ru islands to affect mainly the multiple CO adsorption 
sites, because multiple CO adsorption is thought to occur on 
Ru atoms with low coordination number, that is, Ru atoms at 
the edges of corners as previously speculated by Dalla Betta 
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[ 7 7 ] . Thus , upon t h e e n c r o a c h m e n t of n e a r b y i r o n o x i d e s , 
t h e edge Ru atoms a r e dep r ived of m u l t i p l e CO a d s o r p t i o n due 
t o b l o c k a g e by t h e i r on o x i d e . The re fo re Ru s i t e s a r e only 
a v a i l a b l e fo r l i n e a r a d s o r p t i o n of CO. T h i s i s c o n s i s t e n t 
w i t h t h e o b s e r v a t i o n t h a t c a t a l y s t D has a spect rum a t high 
CO p r e s s u r e s i m i l a r t o c a t a l y s t A a t 140 m i l l i t o r r CO 
p r e s s u r e where t he s u r f a c e i s popu la t ed by l i n e a r l y adsorbed 
CO. 
C. INTERPRETATION OF ISOTOPIC DILUTION EXPERIMENT 
The i s o t o p i c d i l u t i o n method i n v o l v e s t he i n f r a r e d 
12 13 
s t u d i e s of i s o t o p i c m i x t u r e s of CO a n d CO. The 
e x p e r i m e n t i s b a s e d on t h e f a c t t h a t t h e d i p o l e - d i p o l e 
c o u p l i n g i s l a r g e s t be tween d i p o l e s w i t h e q u a l s i n g l e t o n 
f r e q u e n c i e s [ 8 5 ] . S o , u p o n s u b s t i t u t i n g an i s o t o p i c 
s u b s t r a t e which h a s a s u b s t a n t i a l l y d i f f e r e n t s i n g l e t o n 
f r e q u e n c y , one can e l i m i n a t e t h e coup l ing e f f e c t and hence 
t h e a c t u a l s i n g l e t o n frequency can be o b t a i n e d . T h e r e f o r e , 
12 13 
u p o n t h e d i l u t i o n of CO w i t h CO, one can o b t a i n a 
s i n g l e t o n f r e q u e n c y f o r CO/Ru. T h i s s i n g l e t o n f r e q u e n c y 
v a l u e i s t h e n used a s a b a s i s for t he comparison of v a r i o u s 
c a t a l y s t s . The s i n g l e t o n f r e q u e n c i e s o f Ru a n d Fe-Ru 
b i m e t a l l i c c a t a l y s t s have been compared and t h e r e s u l t s can 
be u s e d t o i d e n t i f y t h e e f f e c t s o f a l l o y i n g ; n a m e l y , 
g e o m e t r i c a l e f f e c t s and e l e c t r o n i c e f f e c t s [ 8 7 , 9 8 , 9 9 ] . The 
g e o m e t r i c a l e f f e c t i s an e f f e c t which i nvo lves t h e r e l a t i v e 
p o s i t i o n of t h e a d s o r b e n t atoms and u s u a l l y a r i s e s wi th t h e 
d e c r e a s e of c o n t i g u o u s i d e n t i c a l a t o m s . A c a t a l y t i c 
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reaction which requires a minimum conglomeration of similar 
atoms will be severely affected by geometrical effects. On 
the other hand, alloying alters the electronic structure of 
the metals due to the adjacent foreign atoms. The use of 
the isotopic dilution method is found to be very useful in 
distinguishing these two phenomenon [100-104]. Upon , 
12 13 
diluting CO with CO one slowly eliminates the dipole-
1 3 dipole effect. At infinite dilution (as CO approaches 
12 100%) the singleton frequency of CO/Ru is obtained. These 
1 2 values of CO/Ru singleton frequencies are compared using 
the following criteria: 
a. If the effect of Fe on the adsorption band 
of CO on Ru is entirely electrical, where the 
only effect is on the bond strength between 
the CO molecule and the Ru metal, then the 
12 plot of frequency versus dilution of CO will 
be parallel for all four catalysts 
b. If the effect of Fe on the adsorbed CO/Ru 
is purely geometrical then Fe atoms would act 
13 like CO, increasing the distance between 
similar atoms and reducing the dipole-dipole 
coupling. Therefore, at infinite dilution of 
12 
CO, a pure geometrical effect will yield 
identical singleton frequencies for all four 
catalysts. 
c. If both effects are realized then an 
intermediate result would be observed. 
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d . If t h e a d d i t i o n a l Fe atoms produce n e i t h e r t h e 
g e o m e t r i c a l e f f e c t nor t he e l e c t r i c a l e f f e c t 
then a l l the cu rves of f r e q u e n c i e s a s a 
f u n c t i o n of d i l u t i o n w i l l c o i n c i d e . 
I t i s obvious from F i g u r e 111-34 t h a t t h e a d d i t i o n 
of Fe i n t o s t o c k Ru c a t a l y s t p r o d u c e s a d r a s t i c e f f e c t on 
t h e CO/Ru b a n d s a t 2 0 8 0 , 2 1 0 1 , 2 1 3 7 a n d 2 1 5 7 c m " 1 
a t t r i b u t a b l e t o m u l t i p l e a d s o r p t i o n s i t e s . Th i s a l l o y i n g 
e f f e c t i s due t o t h e r e d u c t i o n of Ru a c t i v e s i t e s a t t h e 
e d g e s and c o r n e r s of t h e Ru c r y s t a l l i t e , g r e a t l y r educ ing 
t h e amount of m u l t i p l e a d s o r p t i o n of CO.. The o v e r a l l e f f e c t 
of a l l o y i n g c o u l d b e s t be d e m o n s t r a t e d i n F i g u r e 1 1 1 - 3 9 
w h i c h r e p r e s e n t s t h e r e s u l t s of t h e i s o t o p i c d i l u t i o n 
e x p e r i m e n t s . The r e s u l t s a t v a r i o u s i s o t o p i c d i l u t i o n s on 
a l l f o u r c a t a l y s t s produce a s i n g l e pa th fo r a l l four t ypes 
of c a t a l y s t s . I t i s c l e a r l y d e m o n s t r a t e d t h a t by a l l o y i n g 
Ru w i t h F e , t h e r e i s no g e o m e t r i c a l o r e l e c t r o n i c e f f e c t on 
t h e pr imary CO/Ru band . I t i s a l s o i m p o r t a n t t o p o i n t o u t 
t h e a b s e n c e of any e f f e c t on the br idged a d s o r p t i o n around 
1950-1870 cm" , The a d d i t i o n a l Fe a f f e c t s on ly t h e o v e r a l l 
a d s o r p t i o n b u t i t d o e s n o t e f f e c t t h e r e l a t i v e i n t e n s i t y 
between l i n e a r a d s o r p t i o n and t h e br idged a d s o r p t i o n . T h i s 
e f f e c t i s normal ly observed in o t h e r a l l o y i n g system such a s 
PdAg [ 8 6 ] a n d NiCu [ 8 7 ] , In t h e PdAg a l l o y s s y s t e m , 
S a c h t l e r and co-workers [86] observed a d r a s t i c r e d u c t i o n in 
t h e r e l a t i v e i n t e n s i t y b e t w e e n l i n e a r CO/Pd and b r i d g e d 
CO/Pd when Ag was added. Th i s r e s u l t i n d i c a t e s t h a t bo th Pd 
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and Ag e n t e r i n t o a s o l i d s o l u t i o n on t h e s u r f a c e of t h e 
a l l o y c r y s t a l l i t e . In c o n t r a s t t o t h i s f i n d i n g , we f i n d 
t h a t Fe and Ru do n o t form s o l i d s o l u t i o n s on t h e s u r f a c e 
even though t h e b u l k may have t h e p r o p e r t i e s of an Fe-Ru 
a l l o y . 
T h i s p o s t u l a t e i s c l e a r l y suppor ted by t h e va lue of 
12 
t h e s i n g l e t o n frequency fo r CO/Ru. This s i n g l e t o n va lue i s 
t h e same for both p u r e Ru and Fe-Ru b i m e t a l l i c c a t a l y s t s . 
The r e l a t i o n s h i p b e t w e e n t h e CO/Ru f r e q u e n c y and t h e 
1 2 p e r c e n t a g e of t h e CO i s o t o p e p r o d u c e s o n l y o n e p a t h 
i n d i c a t i n g t h e r e i s an a b s e n c e of m e t a l l i c i n t e r a c t i o n 
between Ru and Fe . Based on t h i s e v i d e n c e a s w e l l a s t h e 
r e s u l t s from t h e c h e m i s o r p t i o n e x p e r i m e n t s , we b e l i e v e t h a t 
t h e r e a r e s e g r e g a t e d i s l a n d s of Ru and i r o n o x i d e s on t h e 
s u r f a c e and t h e r e i s no ev idence of a l l o y i n g on t h e s u r f a c e . 
T h e s u r f a c e i s p r o b a b l y c o m p r i s e d of i s l a n d s of Ru 
sur rounded by a sea of i ron o x i d e . These i s l a n d s of Ru most 
l i k e l y i n t e r f e r e w i t h t h e n u c l e a t i o n of i r o n o x i d e s , t h u s 
p r e v e n t i n g t h e c r i t i c a l i r o n o x i d e c r y s t a l l i t e s i z e t o be 
reached so i t could be r educed . 
D. KINETICS AND REACTION SCHEMES 
The k i n e t i c s of t he me thana t ion r e a c t i o n over Ru and 
Fe -Ru b i m e t a l l i c r e p o r t e d i n T a b l e I I I - l h a v e b e e n 
c o r r e l a t e d accord ing t h e the fo l lowing e x p r e s s i o n : 
r - - A e - E / * T ( P 0 > „ / 
135 
The r e s u l t s obtained for the pure Ru loaded Y - Z e o l i t e a r e 
s i m i l a r t o t h e r e s u l t s r e p o r t e d by o t h e r i n v e s t i g a t o r s 
[17,18,88] and summarized in Table I I - 2 . There i s a general 
agreement among a l l these i nves t i ga to r s concerning the order 
with respect to the p a r t i a l pressure of H_. Though there i s 
a general consenses tha t the react ion order with r e s p e c t t o 
CO i s n e g a t i v e , the magnitude of the order i s s i g n i f i c a n t l y 
d i f f e r e n t . This work y i e l d s the power wi th r e s p e c t t o CO 
p a r t i a l pressure as -0 .6 which i s in good agreement with the 
works of Vannice [17] and of Ekerdt and Bell [88], 
Though t h e r e a re numerous works on Ru c a t a l y s t s , 
there a r e very few works on Ru b i m e t a l l i c c a t a l y s t s , and 
a l m o s t none f o r t h e Fe-Ru s y s t e m . U n s u p p o r t e d FeRu 
c a t a l y s t s were studied by Delgass and co-workers [73 ,89 ,90] 
f o r the CO + H2 r e a c t i o n . Delgass and co-workers reported 
d r a s t i c changes in both the s e l e c t i v i t y as well as a c t i v i t y 
by varying the composition of Fe and Ru in unsupported Fe-Ru 
b i m e t a l l i c c a t a l y s t s . They reported a s i g n i f i c a n t drop in 
a c t i v i t y for the i n i t i a l in t roduct ion of Fe in Ru [89] but a 
f u r t h e r i n c r e a s e in Fe r e s t o r e d p a r t i a l l y t h e o r i g i n a l 
a c t i v i t y of t h e p u r e Ru c a t a l y s t . Th i s phenomenon was 
demonstrated to be a r e s u l t in a change in p a r t i c l e s i z e . 
S i m i l a r l y , the addi t ion of Fe t o Ru changed the s e l e c t i v i t y 
of the b ime ta l l i c c a t a l y s t s and t h i s change was shown t o be 
d u e t o s u r f a c e Fe e n r i c h m e n t i n FeRu b i m e t a l l i c . 
U n f o r t u n a t e l y , t h e r e was no r e p o r t on the reac t ion orders 
for H_ and CO. 
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We have found tha t the a c t i v i t y of the b ime ta l l i c 
decreased s ignif icant ly with the i n i t i a l introduction of Fe 
( c a t a l y s t B ) as p r e s e n t e d both in the chemisorp t ion 
exper iments and in the turnover numbers. The turnover 
number, based on the rate of methane production and from the 
-3 
number of H2 ac t ive s i t e s , dec reased from 1.15 x 10 
_ 3 
m o l e c u l e / s i t e - s e c f o r c a t a l y s t A t o 0 .78 x 10 
molecu le / s i t e - sec for c a t a l y s t B. Upon i n c r e a s i n g the 
concentration of Fe, the overall ac t iv i t i e s of the catalysts 
was par t ia l ly restored. The se lec t iv i ty was also influenced 
by the Fe composition. Methane was the predominant product 
for the case of pure Ru, however when Fe was added, the long 
chain hydrocarbons became the dominating products. The most 
s i g n i f i c a n t change in product d i s t r i b u t i o n was found in 
carbon dioxide which grew from under 1% for pure Ru to well 
over 20% for catalyst D. 
The se lec t iv i ty of these catalyst could be explained 
in terms of the ava i lab i l i ty of the H2 ac t ive s i t e s and CO 
a c t i v e s i t e s which were c l e a r l y demonst ra ted in the 
chemisorption experiments as well as in ESCA r e s u l t s . The 
addi t ion of Fe in to the Ru c a t a l y s t reduced the number of 
both H2 and carbon active s i t e s . This is also supported by 
a drop in the reac t ion order with respect to H2 p a r t i a l 
pressure. The addition of Fe did not appreciably effect the 
order with respect to CO indica t ing tha t CO was s t rongly 
held on the surface of the c a t a l y s t . In the case of pure 
Ru, there was an abundant supply of surface H_ due to the 
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h i g h l y r e d u c i b l e nature of Ru p a r t i c l e s . This r e se rvo i r of 
H2 i s r e a d i l y a v a i l a b l e for t h e hydrogena t ion of s u r f a c e 
c a r b o n . T h e r e f o r e , s u r f a c e carbon i s most l i k e l y t o be 
conve r t ed t o methane before t h e cha in p r o p a g a t i o n could 
s t a r t , hence r e s u l t i n g in a l a r g e p r o d u c t i o n of methane. 
However, the addi t ion of Fe i n t o Ru Y - Z e o l i t e reduced the 
number of H_ a c t i v e s i t e s due t o i t s i n a b i l i t y t o be 
completely reduced . T h e r e f o r e , t h e r e i s an i n s u f f i c i e n t 
amount of s u r f a c e H_ t o c o n v e r t t h e s u r f a c e carbon t o 
methane, hence, chain p r o p a g a t i o n i s more l i k e l y t o occur 
before chain terminat ion of 1-carbon s p e c i e s . This explains 
t h e c h a n g e i n t h e s e l e c t i v i t y and i n t h e p r o d u c t 
d i s t r i b u t i o n from mostly methane in the case of pure Ru t o 
l o n g e r c h a i n h y d r o c a r b o n s in t h e c a s e of t h e Fe-Ru 
b i m e t a l l i c . 
The high level of carbon dioxide production in Fe-Ru 
b i m e t a l l i c c a t a l y s t s can be explained by t h e n a t u r e of the 
decompos i t ion of the CO molecule on Ru and on Fe p a r t i c l e s . 
CO d i s s o c i a t e s r e a d i l y on Fe t o produce s u r f a c e c a r b i d e 
probably in the form of FeC, but t h i s d i s s o c i a t i o n occurs to 
a l e s s e r extend on Ru [ 6 9 ] . Low and Bell [69] noted tha t 
t h e d i s s o c i a t i o n of CO on a s u p p o r t e d Ru c a t a l y s t most 
l i k e l y occured on the suppor t i t s e l f because Ru does not 
form a c a r b i d e with c a r b o n . The a d d i t i o n of Fe t o Ru 
c a t a l y s t in t h i s s tudy reduced adsorbed H2 , and t h i s H2 
d e f i c i e n t surface probably encouraged t h e decompos i t ion of 
s u r f a c e CO. There i s a l s o infrared evidence tha t adsorbed 
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CO d i s s o c i a t e d i n t o C and C02 much e a s i e r upon h e a t i n g from 
373 K t o 5 2 3 K e s p e c i a l l y i n t h e c a s e of Fe c o n t a i n i n g 
c a t a l y s t s . Th i s phenomenon i s c l e a r l y demons t ra ted w i th t h e 
a d s o r p t i o n c y c l e of C O - e v a c u a t i o n - C O - a s shown i n F i g u r e 
1 1 1 - 4 6 . I t i s q u i t e . c l e a r t h a t t h e r e i s s u r f a c e carbon 
p r e s e n t on t h e c a t a l y s t d u e t o t h e d i s p r o p o r t i o n a t i o n 
r e a c t i o n and t h i s c a r b o n c o u l d be c o n v e r t e d t o CO when 
e x p o s e d t o C 0 ? . The o t h e r s o u r c e of C02 p r o d u c t i o n was 
p robab ly from the w a t e r - g a s - s h i f t r e a c t i o n where 
CO + H20 > C02 + H2 
Even though s p e c i a l c a r e was taken t o t r a p a l l the wa te r i n 
t h e system wi th a d ry i c e / a c e t o n e ba th a c o n s i d e r a b l e amount 
of C02 was p roduced . Th is r e a c t i o n c o u l d n o t be p r e v e n t e d 
t o t a l l y b e c a u s e of the p a r a l l e l r e a c t i o n p r o c e s s on s u r f a c e 
Fe oxide where wa te r was produced on the s u r f a c e which l a t e r 
r e a c t e d wi th adsorbed CO. 
E. MECHANISM OF THE METHANATION REACTION 
There i s ev idence both i n t h i s work and i n o t h e r s 
[ 8 8 , 3 6 , 9 1 ] t h a t CO i s f i r s t a d s o r b e d in a mo lecu l a r s t a t e 
a f t e r which d i s s o c i a t i o n f o l l o w s . The i n f r a r e d s t u d i e s from 
t h i s work have i n d i c a t e d t h a t t he s u r f a c e of both Ru and Fe-
Ru b i m e t a l l i c c a t a l y s t s e x h i b i t e d a n e a r l y s a t u r a t e d CO 
coverage du r ing t h e cou r se of the r e a c t i o n . S i m i l a r l y , when 
a s a m p l e was i n i t i a l l y e x p o s e d t o CO a t 373 K fo l lowed by 
h e a t i n g t o 523 K, t h e r e was an a p p r e c i a b l e amount of C0 2 
e v o l v e d f r o m . t h e a d s o r b e d CO. F u r t h e r m o r e , t h e 
chemiso rp t i on expe r imen t s showed t h a t t h e r a t i o of a d s o r b e d 
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CO to adsorbed H atoms was larger than unity. This is a 
good indication that the surface is saturated with CO 
molecules. Furthermore, infrared spectra showed evidence of 
CO multiple adsorption on the metal particles. The process 
accompanying the formation of C02 is believed to occur by 
the following steps [92]: 
CO + s < > CO (1) 
s 
COg + s < > C s + O s ( 2 ) 
Og + CO < > C0 2 + s (3) 
The reversible adsorption of reaction 1 is supported 
1 2 by isotopic substitution studies carried out with CO and 
1 3 
CO which indicated an equilibrium between the adsorbed 
12 13 
CO with the gas phase CO [93]. Similarly, from this 
work there is also another equilibrium reaction of: 
Cs + C 0 2 < > 2 C O s ( 4 ) 
The infrared studies showed that this reaction exists under 
the reaction conditions and it is probably one of the many 
reactions that maintains the reservoir of CO on the catalyst 
surface. It is then obvious that the reservoirs of both 
surface CO and surface carbon ( both graphite and carbide ) 
are maintained by the reactions 1 thru 4. Furthermore, the 
surface oxygen is probably removed by either H, or CO. From 
this work, it is found that CO could act as a reducing agent 
when the catalyst is rich in oxygen following the reaction 
5: 
Og + CO > C02 (5) 
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Also when H2 is present, the surface oxygen can be removed 
by the reaction 6: 
0B + H 0 > H00 (6) 
S 2 2 
One p l a u s i b l e mechanism f o r t h e h y d r o g e n a t i o n of 
s u r f a c e c a r b o n i n t o m e t h a n e a n d o t h e r l o n g c h a i n 
h y d r o c a r b o n s p r o b a b l y p r o c e e d s t h r u t he fo l lowing r e a c t i o n 
s t e p s : 
H0 + 2s < > 2H (7) 
2 s 
C + H < > CHe + s (8) 
CH + H < > CH0 + s (9) 
s s zs 
CHo=+ H= < > CH, + s (10) 
2 s S JS 
C H 3 s + Hs > CH4 + 2 s ( 1 1 ) 
C H 2 s + H2 > CH4 + S ( 1 2 ) 
where H~ m u s t f i r s t be a d s o r b e d d i s s o c i a t e l y on a c t i v e 
s i t e s . These a toms of h y d r o g e n l a t e r r e a c t w i t h n e a r b y 
carbon t o produce psuedo methylene i n t e r m e d i a t e s p e c i e s , CH 
where x = l , 2 , 3 . Th i s p r o p o s e d mechanism f o l l o w s a s i m i l a r 
scheme p r o p o s e d by Wagner [94] and by Ekerdt and B e l l [ 9 1 ] . 
The mechanism i n v o l v e s t he h y d r o g e n a t i o n of s u r f a c e c a r b o n 
by a d d i n g one h y d r o g e n atom a t a t i m e . The p r o p a g a t i o n of 
1-carbon s p e c i e s t o long c h a i n h y d r o c a r b o n s c a n be t h o u g h t 
of a s a c i s m i g r a t i o n , where t h e c h a i n , Y , forms a bond 
wi th i n s e r t a b l e s p e c i e s X, whi l e t h e o r i g i n a l bond b e t w e e n 
t h e a d s o r b e d Y a n d t h e m e t a l i s b r o k e n . T h i s i d e a of 
n 
s t e p w i s e i n s e r t i o n can be r e p r e s e n t e d by t h e f o l l o w i n g 
s equence : 
CH. + CH., > C0H,-<= + s (13) 
3s 2s 2 bs 
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C 2 H 5 s + C H2s > C3H7s + S ( 1 4 ) 
e t c . 
The r e s u l t s have i n d i c a t e d t h a t the p roduc t 
d i s t r i b u t i o n on both Ru and Fe-Ru b i m e t a l l i c c a t a l y s t s 
followed a Schultz-Flory d i s t r i b u t i o n indicating that the 
propagation of surface hydrocarbon species probably resul t s 
from a stepwise insertion of "monomer" like species s imi la r 
t o CH . Evidence of methylene l ike vibrational stretching 
frequencies were observed in infrared s tud ie s in t h i s work 
around 3000 cm , and the i n t e n s i t i e s of t h e s e peaks 
remained constant with t ime. This led to the conclusion 
t h a t there might be a methylene like species present during 
the reaction as an intermediate species. 
The reaction sequence as represented by equations 1 
through 12 cons i s t of number a of equi l ibr ium reac t ions 
between the gas phase and surface species as well as between 
surface species themselves. Reactions 1 thru 6 have been 
observed e x p e r i m e n t a l l y in t h i s work, both through the 
infrared studies and thru the kinetic s tudies . I t has been 
found tha t these s ix react ion sequences are fast and occur 
almost immediately once the c a t a l y s t i s exposed t o the 
syn thes i s gas mixture. Similarly, the adsorption of EL was 
assumed to occur d i s s o c i a t i v e l y and tha t an equi l ibr ium 
condi t ion e x i s t s between the molecular H2 in the gas phase 
and the atomic H on the surface. This i s supported by the 
i so top ic s u b s t i t u t i o n of D2 for H~ which showed an inverse 
i s o t o p e e f f e c t dur ing the course of the m e t h a n a t i o n 
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reaction. This is a good indication that the dissociation 
step is fast and not rate limiting. Similar results were 
also observed by Kellner and Bell [31,95]. Furthermore, the 
constant intensity of the infrared band for C-H vibrational 
frequencies with the duration of the reaction led to the 
belief that the formation of intermediate methylene like 
species were not the rate limiting steps. Therefore, the 
rate limiting step must be either reaction step 11 or 12. 
Using equation 11 as a rate limiting step, Ekerdt and Bell 
[88] derived the rate expression as: 
Rate = MP H 2
1 , 5/P C 0) (15) 
However, if the rate limiting step is reaction 12 then the 




which f i t s our experimental data for catalyst A very well. 
However the reac t ion o r d e r wi th r e s p e c t t o H2 p a r t i a l 
pressure deviated from t h i s expression when Fe was added 
into Ru Y-Zeolite. The order decreased from 1.2 to 0.9 for 
c a t a l y s t B and decreased fur ther to 0.8 for c a t a l y s t C. 
This behavior r e f l e c t s the lack of numbers of hydrogen 
active s i t e s in the case of the bimetallic catalysts because 
t h e i ron ox ides have p a r t i a l l y covered Ru s i t e s . The 
hydrogen deficiency of b ime ta l l i c c a t a l y s t s r e s u l t in a 
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d e c r e a s e in the dependency of the r a t e of reac t ion on 
hydrogen pa r t i a l pressure. This trend was reversed a t the 
heavies t loading of Fe, c a t a l y s t D, and the exponential 
power was restored to 1.1 which i s almost to the o r i g i n a l 
value. 
In conclusion, i t i s evident that the mechanism of 
the methanation reaction is a result of the hydrogenation of 
surface carbon. The nature of t h i s surface carbon i s not 
clearly defined at this stage, however the surface carbon in 
the case of pure Ru catalyst probably exis ts in the form of 
surface graphite but for Fe-Ru b ime ta l l i c c a t a l y s t s , t h i s 
carbon reservoi r is probably the combination of carbide and 
graphi te . Carbide i s most l i ke ly associa ted with the Fe 
rich par t ic les while the surface graphite is derived from Ru 
r i ch p a r t i c l e s . This reservoir of carbon is found to be in 
equilibrium with CO and CC< suggesting that the reservoir is 
being maintained by the d ispropor t iona t ion r e a c t i o n of 
adsorbed CO. The nature of adsorbed CO i s found to be in 
the l inear form and the surface i s always sa tura ted with 
a d s o r b a t e dur ing methanation reac t ion c o n d i t i o n s . The 
product dis tr ibut ion i s found to follow the Schul tz-Flory 
d i s t r i b u t i o n ind ica t ing tha t the formation of long chain 
hydrocarbons is a resul t of cis insertion of methylene l i ke 
s p e c i e s , CH . This intermediate species is normally found 
on the surface of the catalyst under the reaction condi t ion 
and i s evidenced by infrared bands around 3000 cm which 
remain constant in i n t e n s i t y with the d u r a t i o n of the 
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reaction. The rate limiting step has been determined to be 
the hydrogenation reaction of CH2 with H,. This step leads 
to a rate expression which matches the experimental results. 
The addition of Fe into the Ru catalyst only affects the 
nature of H_ adsorption due to the irreducibility of iron 
oxides. Finally the most striking result of mixing Fe with 
Ru is a tremendous change in the production rate of C02« 
The jump in C02 production rate is probably the result of a 
hydrogen deficient surface. 
V - CONCLUSIONS 
The infrared analysis of CO adsorption on Ru loaded 
Y-Zeolite at 373 K indicates 3 types of adsorption, namely: 
bridged adsorption around 1950 cm at very low pressure, 
linear adsorption at 2046 cm at moderate to high pressure, 
and multiple adsorption at 2080, 2102, 2137, and 2157 cm" 
at high pressure. However under methanation reaction 
conditions at 523 K, it was found that the surface of the 
catalyst is saturated by linearly adsorbed CO which show 
infrared activity around 2000 cm" . The multiple adsorption 
found at 3 73 K is probably due to the reaction of CO on Ru 
atoms which occur along the edges and corners of the metal 
crystallites to produce partially ionized Ru atoms. CO is 
found to be both an oxidation agent on oxygen deficient 
surfaces and a reduction agent on oxygen enriched surfaces. 
The Ru crystallites are found to be very stable when exposed 
to oxygen at a moderate temperatures. Only surface oxides 
which can be removed by evacuation at an elevated 
temperature are formed. 
The addition effect of Fe onto Ru is found to reduce 
the capacity for hydrogen and carbon monoxide uptake by the 
catalysts. The addition of Fe also produces a decline in 
the multiple CO adsorption on Ru atoms. This decline is a 
result of the encroachment of iron oxides onto the Ru 
particles. The ESCA results and infrared spectra reveal 
that the iron oxides on the surface of the catalyst 
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cannot be reduced completely to the metall ic s t a t e . This 
d i f f i cu l ty i s possibly caused by Ru atoms preventing the 
migrat ion of iron oxide into a minimum par t i c le size which 
could be reduced. We also believe that the surface structure 
of the b ime ta l l i c i s very d i f f e r en t from the bulk of the 
c a t a l y s t . All the ava i l ab le evidence points to surface 
segregat ion where Ru and Fe do not e n t e r i n t o a s o l i d 
s o l u t i o n . They are t o t a l l y separated from each other and 
from the i s o t o p i c d i l u t i o n s t u d i e s t h e s e m e t a l s a r e 
independent of each o the r . Finally, the addition of Fe to 
Ru catalysts produces neither a geometrical nor e l e c t r o n i c 
effect on Ru atoms. 
The k ine t i c measurements on the reaction of CO with 
H2 on Ru and Fe-Ru b ime ta l l i c shows changes both in the 
a c t i v i t y as wel l as s e l e c t i v i t y . Ru loaded Y-Zeolite 
produces mainly methane and i s highly r educ ib l e . The Ru 
metal p a r t i c l e s are found to be active toward both hydrogen 
and carbon monoxide. The high y i e ld of methane can be 
a t t r i b u t e d to the abundance of H~ on the surface of the 
c a t a l y s t . In c o n t r a s t t o t h e s i n g l e m e t a l , Fe-Ru 
b ime ta l l i c s are less r eac t ive to both hydrogen and carbon 
monoxide. Long chain hydrocarbons are produced more readily 
on the b i m e t a l l i c s . The s h i f t in the s e l e c t i v i t y i s 
p robab ly due t o a H_ d e f i c i e n c y on the surface of the 
bimetals, hence allowing chain propagation to occur before 
chain termination. 
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The nature of CO adsorption under methanation 
reaction conditions is found to be the linear form CO-Ru. 
The surface of the catalyst is saturated with this linearly 
adsorbed CO. It is found that CO is readily decomposed to C 
and CO. via the d i sp ropor t i ona t ion react ion and an 
equilibrium ex i s t s . I t is postulated that there are at 
least two types of carbon species on the catalyst. Carbon 
in the graphite form is probably the dominating species in 
Ru rich part icles while the carbide form is probably the 
common form in Fe rich particles. This surface carbon then 
r e a c t s with atomic hydrogen which is a r e s u l t of 
dissociative adsorption of H-. An inverse isotope effect 
was observed when D2 replaced H2 indicating that hydrogen 
disassociative adsorption is not a l imit ing s t ep . The 
proposed rate limiting step is then : 
CH2s + H 2 > C H 4 + s 
The r a t e express ion der ived from t h i s r a t e 
determining step sa t i s f ies the experimental data. Chain 
propagation follows the Schultz-Flory product distribution 
and is probably a resul t of cis migration of insertable 
monomer CH , where x=l,2,3. 
A react ion mechanism, consis tent with kinet ic 
observations, isotopic experiments, and surface analysis, 
has been proposed. The reaction sequences are probably 
ini t ia ted by the decomposition of adsorbed CO via the 
dispropor t ionat ion reac t ion . Even though the kinetic 
results indicate that surface carbon is plausibly the 
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starting block of this reaction, it is still not clear if 
this carbon is in the form of graphite or carbide. Since 
graphite is the most common species for Ru while carbide is 
the most abundant species in the case of iron, these two 
distinct forms could possibly influence the product 
distribution. 
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ABSTRACT 
The c a t a l y t i c p rope r t i e s of Ru and Fe-Ru b i m e t a l l i c s 
s u p p o r t e d on Y - Z e o l i t e w e r e d e t e r m i n e d f o r t h e CO 
hydrogenat ion r e a c t i o n . The r e s u l t s , based on the reac t ion 
a t 523 K and an H?:CO r a t i o of 3 : 1 , r e v e a l e d t h a t t h e 
a d d i t i o n of Fe to Ru e f f ec t i ve ly reduces the number of both 
H2 and CO a c t i v e s i t e s as d e t e r m i n e d by c h e m i s o r p t i o n 
e x p e r i m e n t s . Based on H~ c h e m i s o r p t i o n , the d i s p e r s i o n 
(number of a c t i v e s i t e s pe r t o t a l number of meta l atoms) 
decreased from 0.59 with no Fe present to 0.02 with 5.9% Fe. 
This phenomenon Was subs tan t i a t ed by the ESCA ana lys i s which 
indicated t o t a l l y reduced Ru metal p a r t i c l e s in both Ru and 
Fe-Ru b i m e t a l s , however iron oxides could not be reduced to 
t h e i r me ta l l i c s t a t e . 
The a d d i t i o n of Fe a l s o i n f l u e n c e s t h e p r o d u c t 
d i s t r i b u t i o n . An increase in Fe content reduces the amount 
of methane w h i l e i n c r e a s i n g t h e amount of long c h a i n 
h y d r o c a r b o n s . Furthermore the product d i s t r i b u t i o n follows 
the S c h u 1 t z - F l o r y d i s t r i b u t i o n . T h i s o b s e r v a t i o n i s 
p robably due t o s u r f a c e H? d e f i c i e n c y encourag ing cha in 
p r o p a g a t i o n i n s t e a d of c h a i n t e r m i n a t i o n . The r a t e 
de t e rmin ing s t e p i s the hydrogenation of surface methylene 
species. 
The infrared analysis of CO adsorption on Ru 
catalyst at 373 K indicates 3 types of adsorption: bridge 
adsorption at 1950 cm" , linear adsorption at 2046 cm" , and 
multiple absorption at 2089, 2102, 2137, and 2157 cm" . 
However under methanation reaction conditions at 523 K, it 
was found that the surface of the catalyst was saturated by 
linearly adsorbed CO around 2000 cm" . The infrared 
experiments as well as the isotopic dilution experiment 
point to surface segregation where Ru and Fe do not enter 
into a solid solution. Finally, the addition of Fe to Ru 
catalysts produces neither a geometrical nor an electrical 
effect on Ru atoms. 
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